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Prologue

Ever since their inception in 1901, the Nobel Prizes awarded in the sciences have
carried enormous prestige. For the recipients, the award represents ultimate recog-
nition and accolade for their work, and in the eyes of the general public it is the pin-
nacle of scientific achievement. Often the status of science in a nation is judged in
terms of the number of Nobel Prizes received by its citizens. Many Prize winning
studies have wide ranging consequences in science and society. The impact on the
scientific community of that awarded for physics in 1987 was quite remarkable. The
two recipients were J. Georg Bednorz and K. Alex Miiller both of whom worked at
the IBM Zurich Research Laboratory at Riischlikon in Switzerland. Their prize
citation was “for their important breakthrough in the discovery of superconductivity
in ceramic materials”. At the time of their award, Bednorz was 37 years old while
Miiller had turned 60. Why was their work so significant and what was its impact?
After all, a Dutch physicist Heike Kamerlingh Onnes, an earlier winner of the Nobel
Prize in 1913, had discovered superconductivity long before: shortly after the
beginning of the twentieth century.

Many people have heard of superconductivity and perhaps are aware that it is a
“resistanceless flow of electrical current” and that its technological applications are
on the increase. One of the aims of this book is to show that superconductivity is a
much richer and more subtle effect than this bald statement implies and that it may
well form the basis of a technological revolution in the early part of this millennium.

1986 was the seventy-fifth anniversary of the discovery of superconductivity.
What celebrations there were to mark the event were somewhat subdued. Although
an enormous amount had been found out about it, superconductivity remained an
effect that apparently occurred only at very low temperatures, namely a few degrees
above the absolute zero of temperature measured in degrees Kelvin (K). Super-
conductivity could only be produced under strictly controlled laboratory conditions
that precluded widespread applications for it in everyday life. During the 75 years
that superconductivity had been known, the critical temperature (7,) for its onset had
only risen slowly from 4.2K, found by Kamerlingh Onnes for the element mercury
(Hg), to 23.2K; i.e., 23.2 degrees above the absolute zero of temperature. This
highest temperature for 7, was achieved in a thin film of Nb;Ge, an intermetallic
compound of the elements germanium (Ge) and niobium (Nb). Superconductivity in
this compound was discovered in 1973 and no higher superconducting transition
temperature had been found between then and early 1986. Further gloom was cast by
some theoretical work suggesting that the highest temperature at which super-
conductivity could be expected to occur was unlikely ever to exceed 25K.

Copyright 2005 by CRC Press



2 THE RISE OF THE SUPERCONDUCTORS

All this changed in April 1986, when Bednorz and Miiller submitted an article
to the journal Zeitschrift fiir Physik in which they described electrical resistance
measurements on a complex, ceramic metallic oxide material containing the elements
lanthanum (La) — barium (Ba) — copper (Cu) and oxygen (O). They suggested that
their data showed evidence for superconductivity above 30K, a substantial increase
over the previous record. Their paper appeared in September 1986. It had an almost
immediate impact. By December of that year, groups in America and Japan had
confirmed and extended the original work. Bednorz and Miiller had also carried out
further measurements themselves, which greatly strengthened their earlier claims.

There then began one of the most amazing and unprecedented sequence of
events in physics: many scientists across the world temporarily abandoned their on-
going lines of research in a frantic effort to study these new superconducting ceramics
and search for variants with even higher transition temperatures. For a few months,
early in 1987, it seemed as if no week went by without the announcement of a further
increase in the transition temperature 7. New journals were created and some
existing ones introduced special sections to cope with the flood of papers. Uniquely,
daily newspapers added to the hype. Fax and phone were often used to communicate
new results. The subsequent Nobel Prize for the work of Bednorz and Miiller paid
tribute to those exciting events: the citation commented “This discovery is quite
recent — less than two years old — but it has already stimulated research and develop-
ment throughout the world to an unprecedented extent”.

At the beginning of March 1987, a paper appeared in the prestigious journal
Physical Review Letters from two groups working together in the United States of
America announcing the discovery of a superconductor with a transition temperature
for the onset of superconductivity of 93K. This finding had also been made in a
ceramic metal oxide, which in this case contained the elements yttrium (Y) — barium
(Ba) — copper (Cu) and oxygen (O). Interestingly, a press announcement was made
almost simultaneously in China for superconductivity occurring at around the same
temperature. The discovery of this new superconductor created enormous excite-
ment because its transition temperature for the onset of superconductivity was above
the normal boiling point of liquid nitrogen (77K). Existence of superconductivity in
this much higher temperature range greatly enhanced the prospects for widespread
applications: an industry based on liquid nitrogen as a refrigerant would be consider-
ably cheaper and easier to operate than one based on the previously known super-
conductors, which required working with expensive and difficult helium technology.

This second major breakthrough within the space of a few months had
important implications for the future direction of several branches of engineering and
technology. In turn, this impacted upon both the business and financial communities.
The subsequent creation of a number of small and medium sized companies supply-
ing the needs of rapidly expanding markets, which exploit these new super-
conductors, is an important consequence of the fundamental discovery of Bednorz
and Miiller. The rapid award of a Nobel Prize in the year following their discovery
truly reflected the significance of what they had achieved and capped a momentous
period for them. It was also a rare example of abiding by the exact wishes of Alfred
Nobel’s Will that Prizes should be given to those who “during the past year, shall
have conferred the greatest benefit on mankind”.
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PROLOGUE 3

Superconductivity is an important branch of solid state or condensed matter
physics. Sometimes regarded as less exciting than elementary particles physics and
cosmology, solid state physics attracts less attention from the media or authors of
popular science books. Yet it is no poor relation. It has had an enormous impact on
our day to day lives. Many people tend to take for granted the existence of personal
computers, color television, video and cam recorders, mobile telephones and text
messages, e-mail, the Internet, and a whole host of other seemingly indispensable
items of modern living. These all rely extensively for their operation on the
spectacular advances in applications of condensed matter physics made over the last
fifty years or so. Today, we may be on the threshold of a further important
technological revolution based on the new high temperature superconductors.

Before placing the high temperature superconductors in context, we need to
summarize the many important discoveries and insights made earlier in
superconductivity. Advances could only be made after the development of the
science and techniques that enabled temperatures close to the absolute zero to be
attained. So, it is first necessary to describe how ever lower temperatures were
reached. Then it is possible to recount the dramatic story of the initial discovery of
superconductivity by Kamerlingh Onnes at the beginning of the last century. There
are interesting parallels between this earlier discovery and that made by Bednorz and
Miiller.
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1 The Long Road
to the Discovery
of Superconductivity

July 10, 1908, 1s a largely forgotten landmark in the history of science. It was on that
day at the University of Leiden in Holland that Heike Kamerlingh Onnes and his
assistants became the first people to liquefy helium (He). In so doing, they paved
the way for the study of matter very close to the absolute zero of temperature. Super-
conductivity, which Kamerlingh Onnes found a few years later, is the most un-
expected and exciting of the many discoveries that have taken place as a result of
the production of temperatures close to the absolute zero. To appreciate fully the
triumph achieved by Kamerlingh Onnes in liquefying helium gas, it is necessary to
view his work within its historical context as the end of the long quest to achieve
lower and lower temperatures using gas liquefaction. Helium was the last of the gas-
eous elements to be liquefied. Low temperatures and gas liquefaction are closely
interconnected. Even lower temperatures resulted from trying to liquefy more and
more gases and the work of Kamerlingh Onnes concluded a history of gas lique-
faction which extended for well over 100 years starting from the end of the eighteenth
century.

Lowering Temperature in Quest for Its Absolute Zero

The concept of temperature has been dimly perceived since the dawn of man although
it is only since the seventeenth century that attempts have been made to define and
measure it. There are several candidates for the inventor of the thermometer. By the
first half of the eighteenth century, it was realised that for a thermometer to be
scientifically useful there have to be defined two fixed points, customarily taken as
the freezing and boiling points of water. Fixed-point thermometers are associated
with the names of Daniel Fahrenheit, whose scientific work was carried out in the
Netherlands, Anders Celsius from Sweden, inventor of the Centigrade scale, and the
Frenchman René-Antoine Réaumur. That Fahrenheit chose 32, as the freezing point
of water, was tacit recognition that temperatures lower than this could occur but
probably only extending down to zero on his scale. Such cold temperatures would
have occurred periodically in the Low Countries of Europe in Fahrenheit’s day and
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6 THE RISE OF THE SUPERCONDUCTORS

he may well have thought that his zero point was the lowest temperature that it was
possible to reach.

Towards the end of the eighteenth century scientists had become interested in
whether all matter existed in the form of solids, liquids and gases. By the 1790s,
the Dutch scientist Martinus van Marum was investigating the validity of Boyle’s law
for the gas ammonia. Boyle’s law states that at a fixed temperature the product of
the pressure and the volume of a gas is a constant. In those days, it was not clear how
universal was this law. Van Marum found that Boyle’s law seemed to hold well for
ammonia up to a pressure of some seven atmospheres whereupon there was a
dramatic reduction in the volume. He had succeeded in liquefying ammonia by the
application of pressure. This led to the realization that certain gases at least could be
liquefied in this way.

In 1810, the great British scientist Humphry Davy, working at the Royal
Institution in London, showed that chlorine gas was an element. In 1823, following
a suggestion by Davy, Michael Faraday heated a compound of chlorine in a sealed
glass tube and observed at the cold end of the tube droplets of an oily liquid which
he rapidly identified as liquid chlorine. Faraday realized that heating the compound
in a sealed tube produced a high pressure but that the liquid chlorine had only
appeared at the cold end of the tube. He concluded that in order to liquefy chlorine,
and presumably other gases, he required both a high pressure and a low temperature.
Using these conditions he was able to liquefy several common gases such as
carbon dioxide, hydrogen chloride, sulphur dioxide and nitrous oxide. Faraday
pursued his low temperature investigations in 1826 and then again in 1845, by which
time he had developed more sophisticated equipment enabling him to reach tem-
peratures as low as —110°C. That was cold enough to allow him to liquefy several
other gases and even solidify some of those that he had previously liquefied.
However, despite intense efforts, Faraday and others were unable to liquefy three
common gases namely oxygen and nitrogen, the two chief constituents of air, and
hydrogen. They became known as the “permanent gases”, apparently resisting the
notion that all matter could exist in the form of solids, liquids and gases. However,
Faraday suspected that it was likely that he had not reached a sufficiently low tem-
perature to liquefy these particular three gases.

It was not until 1869, with the completion of brilliant experiments on carbon
dioxide carried out by Thomas Andrews at Queens University Belfast, that the idea
became firmly established of a critical temperature above which no amount of
pressure will reduce a gas to a liquid. Andrews spent several years studying the
variation of the volume with pressure of a fixed mass of carbon dioxide at
different temperatures to produce the pressure—volume isotherms. From these
curves, it was possible to study in detail the nature of the gas—liquid transition; and
from this, the concept of a critical temperature became clear. Andrews’ experiments
were placed on a firm theoretical footing by the work of the Dutch scientist Johannes
Diederik van der Waals. Boyle’s law is only true for ideal gases. In 1872, van der
Waals considered the case of real gases for which the finite volume of the gas
molecules and also the interaction between molecules has to be considered. His work
gave a remarkably good qualitative description of the behavior of the gas—liquid
transition and led to his award of the Nobel Prize for physics in 1910.
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THE LONG ROAD TO THE DISCOVERY OF SUPERCONDUCTIVITY 7

The development of the science of low temperatures continued when both
oxygen and nitrogen were finally liquefied at the end of 1877 almost simultaneously
by Louis Cailletet in France and Raoul Pictet in Switzerland. They employed very
different methods. Cailletet observed that when oxygen or nitrogen (already at a low
temperature) are compressed to a very high pressure, which is then suddenly
released, droplets are formed which could be identified as being liquid oxygen
or nitrogen. Such a sudden increase in volume does not allow time for heat either
to enter or leave the system; an expansion of this kind is said to be adiabatic. When
a rapid expansion occurs like this, there is no time for the system to change its
disorder; hence, an adiabatic process is one which takes place at constant entropy.
Cailletet built various versions of his expansion machine and encouraged others to
experiment with them. One went to the Jagiellonian University in Cracow, which was
then part of the Austro Hungarian empire. Two scientists, Zygmunt Wrobleski and
Karol Olsweski, managed to make modifications to Cailletet’s apparatus and
produce small quantities of both liquid oxygen and nitrogen instead of the droplets
obtained by Cailletet. Oxygen was found to boil at —183°C and nitrogen at —196°C.
By the time that these gases were liquefied the Kelvin scale of temperature, based on
thermodynamic principles, had become well established. There exists an absolute
zero of temperature at —273°C below which it is impossible to go. This is defined
as zero degrees Kelvin (K). On the Kelvin temperature scale, oxygen boils at 90K
and nitrogen at 77K; this scale is used throughout the remainder of the book.

Obtaining lower temperatures was helped by Pictet who used a “cascade”
technique requiring a series of gases with progressively lower values of the critical
temperature. That is what made it possible to reach a temperature below the critical
temperature of oxygen and nitrogen, which could then be liquefied by applying
pressure. Cailletet and Pictet were jointly awarded the Royal Society Davy medal
in 1878 for their work. Their achievements were significant in that they destroyed
the concept of the “permanent gas” and suggested that hydrogen could also be
liquefied. They had opened up a new lower temperature region in which basic investi-
gations of the electrical resistivity and other properties could be made. Their work
also paved the way for the later development of a liquid-gas industry, which today is
a multi-million pound operation with widespread applications.

Another of Cailletet’s expansion engines arrived in England and was used by
James Dewar at the Royal Institution. Dewar was said to be short both in stature and
in temper but at the same time was a superb experimentalist. Using the expansion
engine, he produced the first liquid oxygen and nitrogen in the United Kingdom. In
order to prevent the cold liquids from evaporating, he invented vacuum insulated
vessels, which are presently referred to as dewars. Anyone enjoying a hot cup of tea
on top of a mountain or picnicking on the beach owes a debt of gratitude to Sir James.
In 1898, he became the first person to liquefy hydrogen, which boils at just over 20K
at atmospheric pressure. Dewar’s technique involved a cooling process that depends
on the Joule—Kelvin effect: when a gas under high pressure is expanded through a
nozzle, it can cool. His system relied for its success on the use of an efficient heat
exchanger so that the outgoing gas from the nozzle is used to cool the incoming high
pressure gas. Playing with liquid hydrogen proved a most hazardous occupation:
two of Dewar’s assistants each lost an eye. By pumping on the liquid, thereby
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8 THE RISE OF THE SUPERCONDUCTORS

reducing its vapor pressure, he obtained solid hydrogen at 13K. To reach a tem-
perature which was only 13K above the absolute zero of temperature was a major
technological achievement, which was justly recognized. At that time, he thought
that hydrogen would be the last gas to be liquefied. However, a few years earlier
helium had been discovered as a new element and it turned out that this had an even
lower boiling point.

More Discoveries: the Noble Gases

Around the turn of the twentieth century, many fundamental discoveries were
made which transformed completely our view of physics. In 1895, Rontgen dis-
covered X-rays; in 1896, Becquerel and the Curies discovered radioactivity; in 1897,
J.J. Thomson discovered the electron; in 1900, Planck introduced the concept of the
quantized nature of energy in order to explain the radiation emitted from a black
body; and in 1905, Einstein put forward his ideas on special relativity and also
explained the photoelectric effect in terms of quantized particles of light known as
photons. These discoveries were widely acclaimed, had great significance, and each
scientist obtained a Nobel Prize in physics. Taken together, they marked the begin-
ning of a new era, the dividing line between classical and modern physics.

It was also in the 1890s that a new series of elements known as the rare or noble
gases was discovered. Working in his private laboratory at Terling in Essex, the
eminent scientist John William Strutt, the third Baron Rayleigh, made some highly
accurate determinations of the density of hydrogen and oxygen. In 1892, he examined
nitrogen and observed a small difference in his measured values of the density of
nitrogen obtained from the air and from other sources such as ammonia. With great
tenacity, he pursued the source of this discrepancy and concluded that the nitrogen
from the air was contaminated in some manner by a heavier gas. In the course of his
investigations, Rayleigh had discussions and correspondence with Sir William
Ramsay who at the time was Professor of Chemistry at University College, London.
Rayleigh encouraged Ramsay to study this problem and working largely independ-
ently, they both demonstrated that the nitrogen from the air contained a new element,
which was named argon from a Greek word meaning lazy.

Rayleigh and Ramsay presented their results in a joint paper to the Royal
Society; this publication was one of the few in which Rayleigh had a coauthor. The
chemically inert nature of argon gas suggested that it had a valency of zero and it was
believed that it was one of a new group of elements in the Periodic Table. The
following year, Ramsay used a spectroscope to examine the gases emitted on heating
the mineral pitchblende and observed a bright yellow line, which he attributed to yet
another unknown element. A similar yellow line had already been observed in 1869
by the French astronomer Pierre Jansen who had first used a spectroscope to exam-
ine the light spectrum of the sun. It was concluded that the line was due to a new elem-
ent which was later called helium after the Greek word /elios for the sun. Ramsay
tried unsuccessfully to find evidence of other inert gaseous elements in terrestrial
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THE LONG ROAD TO THE DISCOVERY OF SUPERCONDUCTIVITY 9

minerals. In 1898, together with his assistant Maurice Travers, Ramsay embarked on
an exhaustive series of experiments in which they carried out a fractional distillation
of large quantities of argon and examined spectroscopically the gases that had been
evaporated off. In so doing, they discovered three more inert gaseous elements, which
were called neon, xenon and krypton. Ramsay was awarded the 1904 Nobel Prize in
chemistry for his discovery of this new series of inert noble gases, including helium,
while that same year Rayleigh was awarded the prize for physics mainly for his work
on the density of gases in the air and the discovery of argon.

The properties of helium gas were studied intensively with a view to its lique-
faction. Dewar concluded from experiments that it probably had a critical
temperature between 5 and 6K. He had a major problem with obtaining sufficient
quantities of pure helium gas. The gas he used was obtained from the mineral springs
in Bath and this was contaminated with neon which on freezing kept on blocking
the pipes and valves of his apparatus. It is a great pity that Dewar and Ramsay did
not collaborate since their combined talents and expertise was such that together, they
might well have liquefied helium. Unfortunately the two men were not on
speaking terms as a result of a bitter dispute some years earlier over priority for
the first liquefaction of hydrogen. Dewar failed in his attempts to liquefy helium and
he rapidly lost interest in low temperatures after the Dutch scientist Kamerlingh
Onnes succeeded.

Kamerlingh Onnes and the Liquefaction of Helium

In January 1807, a barge carrying gunpowder was moored in the centre of the city of
Leiden in Holland. It exploded — resulting in the destruction of some five hundred
houses. This unconventional but effective means of land clearance allowed the
university in the city to expand and the Leiden Physics Laboratory came into
existence. Today this laboratory is inextricably linked with the name of Heike
Kamerlingh Onnes. He was born in the town of Groningen in 1853 and came from
a wealthy family of merchants and manufacturers. Onnes went to school in
Groningen before studying at its university, obtaining a doctorate in 1879. For a few
years he taught physics in Delft before being appointed to the chair of physics at
Leiden in 1882, a post that he was to hold for 42 years. Kamerlingh Onnes gave
a famous inaugural lecture in which he set out his philosophy of doing science. This
was encapsulated in a motto “door meten tot weten” — through measurement to
knowledge — which was inscribed above his laboratory door.

Over a period of many years Kamerlingh Onnes, a fatherly but autocratic figure,
systematically built up the low temperature facilities at Leiden. In 1892, he was
able to produce several litres an hour of liquid air or liquid oxygen; by 1906, he had
a hydrogen liquefier working that was capable of delivering four litres of liquid per
hour. These meticulous preparations were to enable him to carry out the assault on
the liquefaction of helium. He had already obtained an excellent source of very pure
helium from monazite sand. This was probably decisive in enabling him, rather
than Dewar, to be successful in liquefying helium.
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10 THE RISE OF THE SUPERCONDUCTORS

The successful experiment occurred on July 10, 1908. It was an exhausting
day, work beginning at 5a.m. By 7p.m., the thermometers, which were used, were no
longer showing a change in temperature and it appeared that the attempt had failed.
It was at this point that a visitor from the Chemistry department, who had stopped
by to see how the famous experiment was progressing, suggested that the cryostat
should be illuminated from underneath and this showed that already about a litre of
liquid helium had collected. Failure was transformed instantly into triumph! The
difficulty in observing the helium is due to it being a colorless, transparent liquid with
a refractive index close to one: light does not bend appreciably at its surface. In
addition, the surface of the liquid is almost horizontal — it has a very flat meniscus:
liquid helium has a low surface tension. Kamerlingh Onnes used his pumps to reduce
the vapour pressure above the liquid, producing a lowering of the temperature to
around one degree above the absolute zero of temperature. He noted that the liquid
did not solidify even at that low temperature. However, it seems that he did not
observe that the liquid changes its behavior at a temperature of around 2.2K. It is
now realized that above this temperature, the liquid helium is violently agitating
while below, it suddenly becomes quiescent. This effect is associated with a change
to a most remarkable and unique superfluid state at 2.19K, below which quantum
mechanical effects dominate the behavior of the liquid. There are striking analogies
between superfluidity in liquid helium and superconductivity; the former is a
frictionless flow of atoms and the latter a frictionless flow of electrons.

Kamerlingh Onnes made the point that in Leiden, he had achieved the lowest
temperature ever reached on Earth. He was not to know that in fact he had reached a
lower temperature than that (3K) of the background radiation of the universe itself.
In a real sense he had outstripped nature. He can be regarded as one of the first
modern scientists relying on large-scale facilities, excellent technical support and
funding to match in order to reach their goal. He established an important school of
instrument makers and glassblowers at Leiden so as to train people to the high level
needed to provide technical support for his research. He was fortunate in having
an outstanding laboratory chief technician, Gerrit Jan Flim, whose expertise and
skills played an invaluable role in this first successful liquefaction of helium and
subsequently in the discovery of superconductivity. Kamerlingh Onnes contrasts
with people like Sir James Dewar, Sir William Ramsay and Lord Rayleigh who
often worked alone, apart from one or two laboratory assistants, and who can be
regarded as representing the peak of the classical era of physics.

As for all gases, in order for helium to condense into a liquid, the interaction
between the helium atoms must be greater than the effect of thermal agitation. The
reason why helium is so difficult to liquefy is due to the weakness of the interaction
between its atoms, which reflects its inert nature. This in turn depends on the elec-
tronic structure of its atoms. As a result of some elegant experiments involving the
scattering of alpha particles by thin foils of metallic gold, a planetary model of the
atom was established. Alpha particles are helium nuclei and Ernest Rutherford and
his colleagues used them to brilliant effect in understanding the structure of the atom.
Hans Geiger and Ernest Marsden carried out the experiments in 1909 in Ruther-
ford’s laboratory at the University of Manchester. They observed occasional large
angle scattering of the alpha particles suggestive of a heavy positive nucleus in a
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THE LONG ROAD TO THE DISCOVERY OF SUPERCONDUCTIVITY 11

nearly empty atom rather than the positive charge being uniformly distributed in
the atom as proposed in a model put forward by J.J. Thomson. In the Rutherford
model of the atom, the negatively charged electrons orbit around a positively
charged nucleus. The different elements correspond to the different values for the
positively charged nucleus and the same number of electrons orbiting around in or-
der to produce an electrically neutral atom. Hydrogen is the simplest of the elements
with one proton in the positively charged nucleus and one electron orbiting around
it. Helium is the next element with two protons and two neutrons in its nucleus
around which orbit two electrons. The two electrons form a tightly bound closed
shell (labeled K) and because this shell is closed, it has its full complement of elec-
trons. This is why helium atoms are inert and do not interact with other atoms to
form compounds by exchanging electrons. A very weak interaction between helium
atoms takes place via the so-called van der Waals interaction and it is only at very
low temperatures that this interaction is sufficiently strong enough to overcome the
disruptive effect of thermal agitation to allow helium to condense into a liquid.

The Electrical Resistance of Metals and the Discovery of
Superconductivity

The production of sufficient quantities of oxygen, nitrogen and liquid air led to the
first studies of matter at low temperatures. Dewar played a prominent role in the
early work. Between 1892 and 1895, he collaborated with John Ambrose Fleming,
a professor of Electrical Engineering at University College, London, in a
comprehensive investigation of the electrical resistance of pure metals between
+200°C and —200°C, close to the lowest temperature then available. Their measure-
ments of the electrical resistance as a function of temperature suggested that the
resistance might vanish at the absolute zero of temperature. Fleming later became
famous with his invention of the thermionic valve in 1904, so beginning electronics.

After Kamerlingh Onnes had first liquefied helium, Dewar lost interest in low
temperatures, and this meant that until the early 1920s, Kamerlingh Onnes’s labor-
atory at Leiden was the only place where extensive research at very low tem-
peratures was pursued. Prominent among this research was the investigation into
the electrical resistance of pure metals. Almost from its discovery, the electron was
regarded as the particle responsible for electrical conduction and as early as 1900,
the German physicist Paul Drude produced a simple theory for the electrical
conductivity of pure metals. The arrangement of the elements in the Periodic Table
reflects the number of electrons needed to neutralize the positive charge on the
nucleus and the way in which these electrons occupy a series of shells around the
nucleus. It was later to be found that the number of electrons in each shell is
determined by the Pauli exclusion principle which states that no two electrons in an
atom can have the same set of quantum numbers. In his model, Drude assumed that
electrons from the outermost shell detach themselves from the atoms to become
conduction electrons. These migrate in an applied electric field to give rise to an
electric current. Loss of the moving conduction electrons causes the atoms to
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Superconductor —

Electrical resistivity

Normal metal

Temperature

Figure 1.1 Comparison between the electrical resistivity of a superconducting and a normal
metal at low temperatures (less than 20K). For a metal which goes superconducting there is a
sudden, sharp drop to zero resistivity, which takes place at the superconducting transition
temperature 7. In contrast for the normal metal the electrical resistivity eventually becomes
flat as the temperature is decreased, that is, it has no temperature dependence. The low
temperature value is known as the “residual resistivity” and results from the current carrying
electrons being scattered by mechanisms that do not alter with temperature. The increasing
resistivity in the normal state at higher temperatures is due to the scattering of electrons by the
lattice vibrations (see Chapter 5).

become positively charged and form positive ions. These ions vibrate about their
mean positions within the lattice and scatter the conduction electrons — giving rise to
electrical resistance. As the temperature is lowered, the amplitude of the ionic
vibrations becomes smaller and so the passage of the conduction electrons through
the lattice becomes easier — resulting in a decrease of the resistance.

An interesting theory was put forward in 1902 by Lord Kelvin, the great
Victorian scientist, who was responsible, among many other things, for the laying of
the first transatlantic cable and after whom the absolute scale of temperature is
named. Kelvin suggested that at very low temperatures, the conduction electrons
would reattach themselves to the atoms and as a consequence would no longer be
able to move freely, resulting in the electrical resistance passing through a minimum
before rising rapidly. It is believed that a plan to test this idea led Kamerlingh Onnes
to pursue an investigation of the electrical resistance of pure metals.
Measurements, which were the first made down to liquid helium temperatures,
showed that the resistance behavior of nominally pure gold and platinum decreased
linearly with temperature before flattening off below about 10K as shown in Figure
1.1. This flattening off was attributed to the presence of traces of impurities in the
metal, as well as to the metallurgical state of strain in the wire, which we now know
produces an important type of defect called a dislocation.

In those days, the element mercury, in particular, was able to be produced to
an extremely high level of purity: since it is a liquid at room temperature, it is
possible to redistil it many times to produce a very pure form. Measurements made
on mercury, which solidifies at —38.8°C, taken successively in the temperature range
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Figure 1.2 The electrical resistance in ohms of mercury (Hg) in the vicinity of 4.2K,
indicating a sharp drop at the superconducting transition. (After Kamerlingh Onnes.)

of liquid oxygen, liquid nitrogen and liquid hydrogen all showed the expected
decrease with temperature of the electrical resistance. However, at the temperature
of liquid helium, the resistance appeared to be zero, which Kamerlingh Onnes
attributed at first to an electrical short. Repetition of the experiment produced the
same result, as did using a different configuration of the mercury. Tracing the source
of this “short” proved very difficult. It was only when a laboratory assistant, who
was supposed to ensure that the temperature of the cryostat did not rise above the
normal boiling point of liquid helium of 4.2K, dozed off during an experiment,
thereby allowing the temperature to rise slowly, did the resistance suddenly
re-appear. By such fortunate human foibles can great discoveries be made! This
sudden reappearance of the electrical resistance meant that there was in fact no
“short”. What was being observed was an exciting and totally unexpected new effect
— superconductivity.

The individual who carried out the decisive measurements on mercury was
Gilles Holst, a doctoral student of Kamerlingh Onnes, and he should probably be
given much greater credit for the discovery of superconductivity than history has
given him to date. Holst later had a distinguished scientific career becoming the first
director of the prestigious Philips research laboratories at Eindhoven. The original
measurements of the electrical resistance of mercury, reproduced in Figure 1.2,
indicate the sharp decrease near 4.2K that first showed the onset of superconductivity.
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It was a quirk of nature that in the case of mercury, the transition to the super-
conducting state occurred at a temperature that was very close to that of the normal
boiling point of liquid helium of 4.2K. Kamerlingh Onnes and his assistants agonized
for a long time as to whether or not the strange behavior being observed was some
curious effect associated with the onset of the production of liquid helium.
Confirmation that the findings represented something new and very exciting, came
when similar behaviour was observed in both lead and tin at temperatures of 7.2 and
3.7K respectively, that is above and below the normal boiling point of liquid helium.
Kamerlingh Onnes carried out some elegant experiments designed to show that the
electrical resistance in the superconducting state was genuinely zero rather than just
extremely low. Strictly speaking, it is not possible to measure a quantity that is zero:
an experiment can only establish that the quantity must be smaller than a certain
limit set by the sensitivity of the measuring equipment. These experiments consisted
of inducing a current into a superconducting loop and observing any decay in the
magnitude of the current, which was generally seen as a reduction in the associated
magnetic field. He observed no diminution in the current, which as a result became
known as a “persistent current”. After an intensive period of research, Kamerlingh
Onnes was eventually able to convince himself that the electrical resistance was
indeed zero within the limits of his experiments and that he had stumbled on a
strange and inexplicable new effect. His work on the liquefaction of helium and the
subsequent discovery of superconductivity had opened up wondrously exciting new
fields in science and its applications. For his work on the liquefaction of helium and
the discovery of superconductivity Kamerlingh Onnes was awarded the Nobel Prize
for Physics in 1913.

The strength of Dutch science in the years around the turn of the twentieth
century can be judged from the fact that, in addition to the Nobel Prizes in physics
won by Kamerlingh Onnes in 1913 and Van der Waals in 1910, Pieter Zeeman
and Hendrik Anton Lorentz shared the 1902 prize. The first Nobel Prize winner in
chemistry in 1901 was Jacobus van’t Hoff for his enunciation of the laws of chemical
kinetics and the laws governing the osmotic pressure of solutions. In 1897, while
working at Leiden, Zeeman discovered the splitting of spectral lines by a magnetic
field while Lorentz carried out important theoretical investigations on the electron
and the propagation of light. Lorentz analyzed the experiment of Zeeman and
obtained a value for the ratio of the charge to the mass of the electron e/m, which
was very close to that found earlier by J.J. Thomson. The Lorentz force, which de-
scribes the motion of electrons moving in a magnetic field, appears in the discussion
of the use of superconductors to generate high magnetic fields in Chapter 8.

Kamerlingh Onnes immediately appreciated that his new discovery potentially
had important technological implications centered in particular on the production
of high magnetic fields. It was well known that passage of an electrical current gives
rise to a magnetic field. Therefore, a wire can be wound into a coil, called a solenoid,
to produce an electromagnet. The disadvantage of using normal metals is that such
a solenoid has a finite electrical resistance and passage of a large current necessary
to produce a high magnetic field also produces Joule heating which eventually can
burn out the solenoid. Clearly, a superconducting solenoid capable of delivering a
high current with zero electrical resistance and hence no Joule heating, would be
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Figure 1.3 The way in which critical magnetic fields of superconducting lead (Pb), tin (Sn)
and aluminium (Al) depend upon temperature. The phase boundary (a parabolic curve) defines
the transition from the superconducting to the normal state. The normal state is reached if either
the temperature rises above a critical value 7, or the magnetic field rises above a critical value
H.. This is shown for lead; when the magnetic field applied to superconducting lead is in-
creased along the direction of the vertical arrow, the metal goes into normal state where the
arrow crosses the phase boundary line. The horizontal arrow shows how a superconductor can
be driven normal by increasing the temperature.

enormously advantageous. However, Kamerlingh Onnes quickly ran into problems.
He observed that passage of a large current produced a magnetic field which
destroyed superconductivity. The solenoids ceased to be superconducting in mag-
netic fields which exceeded a few hundredths of a Tesla. There is a limit, known as
the critical current density, to the amount of current that can be carried. In addition,
application of a strong enough magnetic field to increase the current flow up to its
critical value destroys superconductivity. This critical magnetic field H,, required to
cause the superconductor to function normally, is different for each superconducting
metal; examples are shown in Figure 1.3. This figure also illustrates the experi-
mental finding that the critical magnetic field increases with decreasing temperature
down to a limit H(0) at zero temperature. It is a “phase” diagram, which shows
the ranges of temperature and magnetic field over which the superconducting and
normal states exist. Increasing either temperature or applied magnetic field beyond
critical limits, defined by the boundary line between the superconducting and normal
phases, destroys the superconductivity.

Kamerlingh Onnes realized that in order for superconductivity to be of much
practical use both the critical temperature 7, for the onset of superconductivity
and the critical magnetic field H had to be increased dramatically. Much of the later
history of experimental superconductivity has revolved around trying to achieve
these conditions.
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2 Superconductivity
Reveals Its Mysteries

New Superconducting Materials Widen the Horizon

Superconductivity remained an intriguing but obscure effect for many years after its
discovery. The work at Leiden had established the most spectacular property of a
superconductor: its electrical resistance is zero. By contrast a normal metal shows an
electrical resistance. It is impossible to measure a zero resistance; however it is now
known that a dc current flowing round a superconducting ring remains unchanged
for years. This persistence places an upper limit on the electrical resistivity of at least
10 times smaller than that of a normal metal at the same temperature. No volt-
age is observable across a superconductor when it is included in an otherwise
normal (i.e. non-superconducting) circuit and a direct current is flowing: for all
practical purposes the resistance is zero.

Until 1923, Leiden remained the only place in the world that possessed liquid
helium facilities and hence had a monopoly in the investigation of superconductivity.
The steady stream of results flowing from the laboratory was generally published in
the “Communications of the University of Leiden”. During those early years in
Leiden, Onnes showed that, in addition to mercury, the metallic elements tin and lead
also become superconducting and established that the superconducting transition is
extremely sharp (to within about 1mK). The unique position held by Leiden in that
early long period contrasts markedly with the explosion of research activity
and dissemination of results that followed the discovery of the high temperature
superconductors!

By 1923, two other laboratories had developed low temperature facilities, and
both began research into superconductivity. These were the University of Toronto in
Canada and the Physikalisch-Technische Reichsanstalt at Berlin in Germany. Within
the next ten years, it became apparent that superconductivity is not just confined to
a few pure elements: a large number of alloys and chemical compounds show zero
resistance. Well over a thousand superconducting materials are now known.

Over the years, the number of elements that can become superconducting has
increased, as techniques for reaching lower temperatures or making purer metals
have been developed. Figure 2.1 shows the Periodic Table marked with the many
superconducting elements known today. Niobium is the element with the highest
superconducting transition temperature of 9.5K.
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As a rule, the strong magnetic fields that exist in the ferromagnetic elements
iron, cobalt and nickel prevent such materials from also being superconducting.
When searching for the presence of superconductivity in a material, it is extremely
important to eliminate as far as possible all traces of iron and other elements that have
the capacity of becoming ferromagnetic. A good case of the influence of such an
impurity is shown by molybdenum: when pure, this element has a transition tem-
perature of 0.92K but only a few parts per million of iron prevent it from becoming
superconducting.

Interestingly enough, a group from Osaka in Japan, led by Katsuya Shimuzu,
has recently demonstrated that in iron itself ferromagnetic effects are instrumental in
destroying superconductivity. Normal ferromagnetic iron has a body-centred cubic
(bee) structure. On application of pressures above 10GPa, iron is transformed to a
hexagonal close packed (hcp) structure and then is not ferromagnetic; it was predicted
in the early 1970s that this phase might become superconducting. A comprehensive
investigation by the Japanese group showed that this is indeed the case at tem-
peratures below 2K and pressures between 15 and 30GPa.

The application of high pressure has proved to be a powerful technique for
inducing superconductivity and quite a few elements only become superconducting
under pressures high enough to cause them to be transformed into a more dense,
metallic phase. These include selenium, germanium, arsenic, phosphorus, cerium,
barium, yttrium and caesium. Jorg Wittig has discovered many of these supercon-
ducting transitions and his investigations in this area have been particularly fruitful.
The observation that caesium can be produced in a pressure induced form that goes
superconducting at 1.5K is especially important because previously it was widely
believed that superconductivity in the alkali elements would not be observed until
extremely low temperatures, in the micro-degree range, were reached.

Evidence for superconductivity in another alkali metal has recently been
reported for lithium under high pressure by two independent teams in Japan and the
U.S. Although the details of the results differ slightly, both groups found that under
increasing high pressure lithium transforms to a series of different phases. The
transition temperature increased with pressure. The superconducting transition tem-
perature is remarkably high: the Japanese group reported a value of 20K at a pressure
of just under 50 GPa. To date more than twenty elements have been found to become
superconducting under high pressure adding to nearly thirty more at atmospheric
pressure.

For many years there has been speculation that hydrogen might become metallic
at sufficiently high temperatures and pressures and also that it might even become
superconducting. One way of inducing extremely high pressure is to impact a
projectile onto a material. Shock-wave experiments at the Lawrence Livermore
National Laboratory in California, carried out in 1996, have suggested that hydrogen
undergoes a phase transition to form a liquid metallic state at temperatures around
3000K and pressures of 140GPa. However all claims for superconductivity in this
metallic form of hydrogen have been vociferously rejected.

To date, there has been no accepted evidence that superconductivity occurs in
either the noble elements copper, silver and gold or the alkali metals sodium and
potassium. But remember that the search for superconductivity among the elements
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Figure 2.2 A plot of the highest superconducting transition temperature obtained against the
year for the period between the discovery of superconductivity in 1911 and the advent of high
temperature superconductors in 1986.

continues to surprise us. After all superconductivity has recently been observed in
compacted platinum powder (in contrast to the bulk form of the metal) at very low
temperatures.

While an element itself may not be superconducting, combinations of it with
other elements can be. Combinations that are found to be superconducting include
copper—sulphur and gold—bismuth in suitable proportions and form. This is
significant because in both these cases (and in many others), neither of the component
elements is superconducting at atmospheric pressure; this observation clearly
establishes that superconductivity is not associated with specific types of atoms but
that their arrangements and combinations play a role.

The 1930s saw considerable advances in understanding the two great topics of
low temperature physics: superconductivity and superfluidity in liquid helium. By
then, several more laboratories had acquired liquid helium facilities and hence, were
able to carry out research into low temperature physics. These included Oxford,
Cambridge and Bristol in the United Kingdom, Moscow and Kharkov in Russia,
Washington in America and Breslau in Germany. Gradually during the 1930s the
superconducting transition temperature attained in compounds and alloys began to
increase. By 1941, Eduard Justi and his team at the Physikalisch-Technische Reichs-
anstalt in Berlin had achieved a transition temperature of 15K in the compound NbN.
The increase in the superconducting transition temperature during the 75 years since
the initial discovery in 1911 is shown in Figure 2.2.

A fundamental understanding of the nature of matter on the atomic scale was
emerging from the developments in quantum mechanics during the 1920s. The years
between 1928 and 1932 saw the successful application of this truly awesome theory
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(@) (b)

Figure 2.3 Lines of magnetic force (flux lines) around (a) a paramagnetic and (b) a diamag-
netic sample. The figure is based on one appearing in an article by Faraday published in his
“Experimental Researches in Electricity” in 1852.

to a variety of problems in metal physics. It was widely hoped and believed that ideas
founded in quantum theory would throw further light on the nature of super-
conductivity. Indeed that was to happen but not until nearly thirty years later. Despite
the efforts of some of the most prominent theorists of the day, including Niels Bohr,
Werner Heisenberg and Felix Bloch, little headway was made in explaining super-
conductivity. As yet, not enough was known about the experimental facts. In the early
years, it had been widely believed that superconductivity was solely the effect of the
sudden complete loss of electrical resistance. No sudden change at the transition
temperature had yet been observed in any physical quantity other than those
associated with the conduction electrons such as the specific heat or the thermo-
electric power. The next step was to be the discovery of a magnetic property just as
fundamental as the zero resistance.

The Meissner Effect, a Fundamental Criterion for
Superconductivity

Although it was well known that application of quite a small magnetic field destroys
superconductivity (Chapter 1), the actual magnetic effects involved were not clear.
In 1933, Walther Meissner and Robert Ochsenfeld, working in Berlin, made a
surprising and fundamental discovery in the magnetic behavior of a superconductor.
It had been nearly a century earlier that Michael Faraday working at the Royal
Institution of Great Britain in London had demonstrated the distinction between
paramagnetic and diamagnetic behavior depending on how a material responds to an
applied magnetic field. When a material is placed in a uniform magnetic field, if the
lines of magnetic flux crowd together into the material it is said to be paramagnetic
while if they move further apart it is diamagnetic; this is shown in Figure 2.3 which
comes from one of Faraday’s original papers. A paramagnetic material is attracted
towards an applied magnetic field whereas a diamagnetic material is repelled from
it. Faraday’s work on paramagnetism and diamagnetism was the first step towards a
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Figure 2.4 The Meissner effect. The magnetic lines of force (flux lines) in and around a
metal, which goes superconducting: (a) In the normal state above the critical temperature 7, or
when the applied magnetic field is greater than the critical field H,. (b) When the sample is
cooled below T, the metal becomes superconducting and the magnetic field is completely
expelled from the superconductor; hence the flux density B inside is zero.

gradual recognition of the great richness in the magnetic behavior of materials.
Before his studies the only widely known form of magnetism had been that of the
spontaneous ferromagnetism exhibited in iron (see Chapter 5).

All materials show some type of magnetic behavior but that found in a super-
conductor is unique and quite remarkable. Meissner and Ochsenfeld observed that
when pure tin is cooled in the presence of a magnetic field, on reaching its super-
conducting transition temperature, the magnetic flux is suddenly completely expelled
from its interior, as shown in Figure 2.4. This discovery later became known as the
Meissner effect. Since diamagnetism is a measure of the ability of a material to shield
its interior from an applied magnetic field, the complete exclusion of flux means that
a superconductor is a perfect diamagnet.

It is now recognized that such perfect diamagnetism, in addition to zero resistiv-
ity, is a fundamental and equally basic property of the superconducting state. Perfect
diamagnetism cannot be explained by starting from zero electrical resistivity (i.e.
infinite electrical conductivity) and applying the relevant electromagnetic equations,
derived earlier by James Clerk Maxwell, which many scientists consider to be the
most far reaching contribution to theoretical physics in the nineteenth century. Radio,
television and satellite communications ultimately stem from these equations but
that’s another story (see Chapter 9)! Application of Maxwell’s equations requires that
the magnetic flux inside a completely superconducting body cannot change and this
in turn would imply that any magnetic flux present inside the superconductor before
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Figure 2.5 Levitation, induced by the persistent surface current and the Meissner effect, of
a powerful, small samarium—cobalt permanent magnet above a YBCO polycrystalline sample
produced by students in the Department of Physics of the University of Bath.

itis cooled into the superconducting state would remain frozen in. Thus, the magnetic
flux inside a superconductor would depend upon its magnetic history — whether it had
been cooled to below its superconducting transition temperature either with or
without the presence of a magnetic field. Such an experimental situation would mean
that the superconducting state is metastable rather than being in true thermodynamic
equilibrium. However, that is not the case. The confusion was resolved by the
discovery of the Meissner effect that the magnetic flux is completely excluded at the
superconducting transition temperature; this means that, contrary to earlier wide-
spread thinking, a true thermodynamic state in fact does exist. The behavior when a
magnetic field is applied to a superconductor is reversible. Raising the temperature
above the critical temperature 7, or applying a magnetic field greater than a
certain critical value H (see Figure 1.3) causes a sample to return to its normal state
and flux penetration takes place.

Superconductors in which the flux exclusion is complete for any applied mag-
netic field less than the critical value are known as type I. Above this critical value,
the material goes normal and flux penetration is total. These type I superconductors
are usually elements or simple alloys.

Demonstrating the Meissner effect to a general audience used to be no easy task.
Lead, which has a critical temperature 7;, of 7.2K and can be readily fabricated into
a dish, was the most convenient metal for such a demonstration. The problem was
that the experiment was complicated by the requirement that it had to be carried out
using liquid helium and was therefore hard to set up and see. However, the discovery
of high temperature superconductors with transition temperatures above that
of liquid nitrogen (77K) means that now it is possible to show the effect in a very
simple manner. The Meissner effect of complete magnetic flux exclusion is illus-
trated in Figure 2.5. This illustrates a small magnet floating continuously above a
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superconducting disc of yttrium Y — barium Ba — copper Cu — oxygen O, which is
usually referred to as YBCO (this important ceramic material will be discussed in
Chapters 3 and 4). Physics undergraduates at the University of Bath produced the
sample. This high 7, material was kept in its superconducting state by cooling with
liquid nitrogen held in an inverted polystyrene cup obtained from the University
refectory!

Faraday’s laws of electromagnetism tell us that when the magnet is moved
towards the superconducting sample, a persistent or screening current is induced in
the surface layer of the superconductor. This current in turn generates a magnetic
field, which is exactly equal and opposite in sense to that of the magnet itself. Their
exactly opposing magnetic fields cause the magnet and the superconductor to repel
each other mutually with a force sufficient to result in levitation of the magnet, which
stays floating above the superconductor in the spectacular manner shown in Figure
2.5. Since the superconducting current remains constant in the zero resistance
material, the magnet will continue to float as long as the sample is kept below its
superconducting transition temperature. Inside the bulk of the superconductor itself
the magnetic flux is zero — as required by the Meissner effect.

Totalitarian Politics Intervenes

The 1930s saw dramatic political changes taking place in many countries as Europe
lurched towards the outbreak of the Second World War. The increasing domination
of dictators had an impact on almost every aspect of life, including that of the
scientific community. As a result of the rise of the Nazi party in Germany in 1933,
many prominent Jewish scientists fled that country; most of them emigrated either to
the United States of America or England. Those coming to England from the low tem-
perature physics community in Germany included the group from Breslau headed by
Franz (later Sir Francis) Simon together with his nephew Kurt Mendelssohn as well
as Nicolas Kurti and the brothers Fritz and Heinz London. All of these scientists went
initially to the Clarendon Laboratory at Oxford having been invited by Frederick
Lindemann, later Lord Cherwell, who was to become the chief scientific adviser to
Winston Churchill and a powerful figure during the war years. The influx of these
German scientists established the Clarendon Laboratory as a center of excellence for
low temperature physics, which continues to this day. Mendelssohn was the first
person to liquefy helium in the United Kingdom; this achievement enabled him to
carry out a variety of investigations into superconductivity as well as some fundamen-
tal investigations into the nature of superfluid film flow in helium.

Bizarre circumstances and ruthless politics resulted in the beginning of low
temperature physics in Moscow. In 1921, Lord Rutherford’s highly prestigious
Cavendish Laboratory in Cambridge was enhanced by the arrival of the brilliant and
flamboyant Russian scientist Piotr Kapitza. Within a few years he became a professor
of physics at Cambridge University and played a prominent role in the creation of
the Royal Society Mond Laboratory devoted to investigations involving high
magnetic fields and low temperatures. Kapitza produced liquid helium a short while
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after Mendelssohn had done so at Oxford. During more than a decade while he lived
in England, Kapitza never took out British citizenship. Most years, he returned to
holiday in Russia. In 1934, the Russian authorities refused to allow him to return to
England after his vacation in the Crimea and Caucasus. A diplomatic incident
occurred but Stalin was adamant that Kapitza must remain in Russia and carry out
research in Moscow. After an initial period of singularly brave refusal, Kapitza
finally was forced to stay and much of his equipment was transferred from
Cambridge to Moscow.

Kapitza founded an outstanding Institute in Moscow devoted to the experimen-
tal aspects of low temperature physics. Life in Russia under Stalin was extremely
harsh and dangerous: during the purges millions of innocent people were arrested,
and most murdered, for alleged subversive activity. Not long after his return there,
Kapitza with great courage demanded from Stalin that the brilliant young theoretical
physicist Lev Davidovich Landau be released from prison where he had been placed
for alleged anti-Soviet activity. Kapitza asked Landau to start up an Institute devoted
to theory. This resulted in the formation of the Institute of Physical Problems, a small
but outstanding group of theoretical physicists headed by Landau. Together, Kapitza
and Landau spearheaded a Russian contribution to the development of both super-
conductivity and superfluidity, with a value that can hardly be overstated.

Separation into Type I and Type II Superconductors

During the second half of the 1930s it began to be appreciated that not all super-
conductors showed the comparatively simple type I behavior of fotal flux exclusion
(Figure 2.4). Working at the newly created Royal Society Mond Laboratory in
Cambridge, David Shoenberg examined the magnetic behavior of very small
superconducting particles, notably colloidal mercury. His aim was to test the
emigre London brothers’ suggestion that although the magnetic flux would be
excluded from the bulk of a superconductor, it would have to penetrate to a small
depth in which screening currents flow. For sufficiently small particles, this
penetration would occur in a significant fraction of the total volume and should
result in the magnetic susceptibility becoming substantially less diamagnetic
than for large samples. Shoenberg showed that this occurred in practice. Further
evidence of departures from the ideal type I behavior was found in experiments with
superconducting thin films carried out by Heinz London and E.T.S. Appleyard at the
Mond laboratory and also at Bristol University; Alexander Shalnikov, working in
Moscow at the Institute created by Kapitza, reached a similar conclusion. An exciting
result was that much higher critical magnetic fields were found than would be
expected for type I superconductors.

More striking evidence of departures from type I behavior was revealed by
experiments carried out by Lev Shubnikov and his colleagues at Kharkov in Russia.
They found that alloys like lead—bismuth required much greater magnetic fields to
restore the normal state than those needed for the pure metallic elements. These
alloys, and many others, which became known as type II superconductors, form a
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mixed state in which both normal and superconducting regions coexist (this is
discussed in more detail in Chapter 8 and is shown in Figure 8.2). In this mixed state,
a zero electrical resistance path through the superconducting regions still exists so
that zero resistance is maintained. Type II superconductors can have substantially
higher critical temperatures than type I. Furthermore, a magnetic field as large as
several Teslas can be required to drive all of a type Il superconducting sample normal.
As a result, it has been possible to produce compact high field superconducting
magnets using type Il materials; this technology will be discussed in Chapter 8.
Shubnikov was not to see the results of his pioneering work. He became a victim of
the whims of the Stalinist regime. His arrest in 1937 led to the collapse of his research
group and his own death in prison in 1945.

First Steps in Understanding Superconductivity

Largely as a result of the discovery of the Meissner effect, the 1930s saw the
beginnings of an understanding of superconductivity. Initially it was appreciated that
the occurrence of the Meissner effect demonstrated that superconductivity is a true
equilibrium situation rather than a metastable one and represents a new phase quite
distinct from that of a normal metal. The fact that the superconducting state is in
equilibrium means that thermodynamic relations can be derived between the normal
and superconducting states. The Dutch scientist Cornelius J. Gorter, who became a
director of the Kamerlingh Onnes Laboratory in Leiden, pioneered the application of
the principles of reversible thermodynamics to superconductors.

An important breakthrough occurred in 1934, when Gorter put forward the idea
of a two-fluid model in which the electron gas within the superconductor is
considered to have two components. One fluid component, which comprises the
“superelectrons”, is completely ordered and hence has zero entropy and carries the
supercurrent, while the other component contains all the entropy of disorder and
behaves like a normal electron gas. Below the superconducting transition
temperature, the superconducting electrons short out the normal ones so that the
electrical resistance is zero. A similar two fluid model has been proposed for super-
fluidity in liquid helium, an example of the striking analogies that exist between the
two phenomena, superconductivity and superfluidity.

Shortly after their arrival in Oxford in 1935, the brothers Fritz and Heinz
London carried out a seminal theoretical analysis of the response of a super-
conductor to an applied magnetic field. Their starting point was the newly
established experimental finding that a bulk superconductor shows both zero
electrical resistivity and perfect diamagnetism. To explain both of these observa-
tions simultaneously, they found it necessary to modify the classical Maxwell
electrodynamic equations relating electric currents and magnetic fields. They
derived new equations from which they were able to predict that although a
magnetic flux is excluded from the interior of a superconductor, there is neverthe-
less a shallow surface region having a characteristic distance, now known as the
penetration depth A, in which there is some penetration of flux. This magnetic flux
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Figure 2.6 The A-15 (or beta-tungsten) crystal structure for compounds with the formula
A;B. Metals having this formula can be superconductors if A is a transition metal atom such
as vanadium (V) or niobium (Nb) and B is usually an atom such as silicon (Si), germanium
(Ge), aluminium (Al), gallium (Ga) or tin (Sn).

near the surface decays exponentially inwards. Shoenberg verified the ideas of the
London brothers when he carried out his classic magnetic experiments on colloidal
mercury, in which he was able to show that the temperature dependence of the
number of superconducting electrons varied in a manner predicted by their theory.
As mentioned earlier, these measurements reinforced the growing belief that type II
superconductors should exist.

The Continuing Search for New Superconductors with Higher
Critical Temperatures

From the early 1950s onwards, many new and technologically useful superconduct-
ors have been found. Pioneering studies, mainly in the large American industrial
laboratories such as Bell Telephone, General Electric and Westinghouse, as well as
in leading universities such as Stanford and Chicago, led to the discovery and later
the production of new type II superconductors. Two leaders in this research were
John Hulm and Bernd Matthias. John Hulm had obtained his doctorate from
Cambridge University, where he had carried out research on superconductivity. In
1949, he went on to the Chicago Institute for the Study of Metals as a post-doctoral
fellow. There he met Bernd Matthias, who was born in Germany, but studied in
Switzerland, before gravitating to the United States. At the time that the two men met,
Matthias was an assistant professor of physics at the University of Chicago on leave
from Bell Telephone Laboratories. In the early 1950s, many people were investi-
gating the physical properties of superconductors such as their specific heats, mag-
netic behavior and thermal and electrical conductivity. Taking a different approach,
Hulm and Matthias studied superconductors from the viewpoint of chemists
and metallurgists. They were especially interested in superconducting alloys and
compounds containing the transition metal elements (which are characterized by
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possessing unfilled d shells in their electronic configuration; the nature of d states will
be described in Box 13 in Chapter 11). Their work emphasised that, for super-
conductivity to occur, the type of chemical bonding between the atoms, as well as
the crystal structure and the metallurgical state of the material, is important. Their
approach proved to be highly successful. Working either together, or in their separate
research groups, they produced a large number of new superconductors. In particular
they pioneered the A-15 structure (Figure 2.6) A3;B compounds, where A is often a
3d transition metal element and B is a non-transition metal element.

In 1954, Hardy and Hulm reported their discovery of the A-15 compound V;Si,
which has a transition temperature of 16.9K; the same year Matthias found Nb;Sn
with a transition temperature of 18.5K, a new record for 7. For many years from the
middle of the 1950s until the discovery of the first ceramic high temperature super-
conductor in 1986, it was the intermetallic compounds with the A-15 structure that had
the highest known values of the superconducting critical temperature 7, and critical
fields. In consequence they have found widespread use in a small but flourishing
superconductivity industry, mainly in the production of compact high field magnets
operating up to several Teslas (see Chapter 8). Later it was found that as well as
possessing high values of critical temperature 7, these materials frequently show
anomalies in physical properties such as their elastic constants; they undergo
unusual softening in both their acoustic and optical vibrations, affecting their
phonon population. This incipient lattice instability results in single crystals of
Nb3Sn and V;Si undergoing a weak structural cubic—tetragonal transition at
temperatures that are somewhat above 7 and has an influence on electron pairing
(see Chapter 6) and hence on their superconducting behavior.

The approach to superconductivity adopted by Matthias merits further consider-
ation: it throws interesting light on his research philosophy. He became increasingly
disenchanted with theoreticians, many of whom he felt carried out over-sophisticated
calculations and made extravagant predictions for the possible occurrence of
superconductivity at high temperatures. He believed that such predictions bore no
relation to the real world. By contrast, Matthias felt that his own approach never lost
sight of reality. He had a prodigious knowledge and insight into the Periodic Table
(Figure 2.1) and he combined this with a continual and almost obsessive hunt
through the research literature to try and come up with materials that might turn out
to be useful superconductors. As a result, he found a large number of new super-
conductors. For many years his group at Bell Telephone Laboratories, and then at the
La Jolla campus of the University of California, held the world record for the
superconductor with the highest value of critical temperature. In his search for new
and useful superconductors, he put forward several empirical rules, which indicated
useful criteria for obtaining high temperature superconductors. His scorn for the
outlandish predictions of some theoreticians is neatly summarized in a statement that
he wrote in an article entitled “High Temperature Superconductivity?” for the
journal Comments in Solid State Physics in 1970:

“In many discussions, I have tried to point out that the present theoretical
attempts to raise the superconducting transition temperature are the opium
in the real world of superconductivity where the highest T, is, at present

Copyright 2005 by CRC Press



SUPERCONDUCTIVITY REVEALS ITS MYSTERIES 29

and at best, 21K. Unless we accept this fact and submit to a dose of
reality, honest and not so honest speculations will persist until all that
is left in this field will be these scientific opium addicts dreaming and
reading one another’s absurdities in a blue haze.”

Matthias had a great respect and admiration for the seventeenth century astronomer
and mathematician, Johannes Kepler, who derived the empirical laws for planetary
motion, which Isaac Newton could explain using his theory of gravitation. In turn,
Kepler had relied on the meticulous observations of planetary motion made earlier
by Tycho Brahe. Matthias liked to think of himself as the Kepler of superconduct-
vity, providing empirical laws and careful observations, which he hoped would
allow a latter day Newton to construct a detailed microscopic theory having useful
predictive powers for the occurrence of high temperature superconductivity.

Understanding Superconductivity

Despite the scorn for theoreticians shown by Bernd Matthias, the 1950s did see
significant advances in the theoretical understanding of superconductivity,
especially the successful formulation of a microscopic theory in 1957. In 1950, the
first volume appeared of the classic book Superfluids by Fritz London that is
devoted to superconductivity. In it he suggested that superconductivity is a
quantum mechanical state observable on a macroscopic scale. In the same year,
the Russian physicists Vitaly Ginzburg and Lev Landau extended the London
brothers’ phenomenological approach. This Russian work is based on Landau’s
theory of second order phase transitions, which introduces the idea of an order
parameter. In the case of superconductivity, the order parameter distinguishes the
superconducting phase from the normal phase. It is a complex wave function of
the superconducting electrons. The Ginzburg—Landau theory provided new
insights such as the dependence of the critical field and current on temperature
and thickness in thin films. They introduced the concept of a coherence length,
which gives a measure of the distance over which the superconducting wave function
varies in zero magnetic field. The nature of the superconducting wave function itself
was not clear. In 1953, using microwave techniques, which had been developed
during the War years, Brian Pippard at the Mond Laboratory in Cambridge investi-
gated the London penetration depth. He found that in order to reconcile his results
with the London theory it was necessary to include the coherence length. Both the
penetration depth and the coherence length are central to superconductivity and will
be discussed further in this book. In 1957, the Russian Alexei Abrikosov was able to
use the Ginzburg—Landau theory as the starting point for his own classic work, which
predicted type II superconductivity and showed that in the mixed state the magnetic
flux penetrates in a regular array of quantum vortices (Chapter 8). The era of the
1950s was the height of the “Cold War” between Russia and the West and there was
little scientific interaction across the Iron Curtain. As a consequence many of these
scientific achievements remained virtually unknown outside the Soviet Union.
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Around this time experimental evidence was accumulating which suggested that
an interaction between the electrons and atomic vibrations in a solid is inherent in the
mechanism of superconductivity. A great leap forward in understanding was made
in 1956, when Leon Cooper developed the important concept that superconductivity
was associated with bound pairs of electrons travelling through the lattice. Each pair
has equal but opposite spin and angular momentum. Building on this idea, John
Bardeen and Cooper, together with a young postdoctoral assistant J. Robert
Schrieffer, produced their famous BCS theory in 1957 in which superconductivity is
considered to arise from the presence of these “Cooper pairs”. Their comprehensive
paper, published in the journal Physical Review in October 1957, is one of the most
important and influential publications in condensed matter physics produced in the
second half of the twentieth century. In an elegant manner, the BCS theory explained
the known features of superconductivity, as well as making a number of predictions,
which were subsequently shown to be true. Nevertheless, neither BCS nor any other
theory has ever been able to predict which alloy or compound should have a high
critical temperature 7, as might have been expected for a truly comprehensive theory.
Despite this, the BCS theory has provided us with a fascinating and clear insight into
the cause and nature of superconductivity and is described in some detail in Chapter 6.

The quest for new high 7, materials has always been and remains to this day an
empirical search with almost no theoretical guidance. In this respect, the disdain
expressed by Matthias for theoreticians working in the field of superconductivity can
be appreciated, although not condoned. However, there were also quite a few
theoreticians with their feet firmly on the ground who were realistic about the chances
of observing high temperature superconductivity. Prominent among these was John
Bardeen, who had an excellent knowledge and grasp of the experimental situation in
superconductivity. At one time he was interested in the possibility of excitonic super-
conductivity, whereby it might be possible to obtain pairing of electrons through
electronic exchange rather than via phonons, resulting in high temperature super-
conductivity. Bardeen has written:

“In view of the large number of experiments that have been done and
the wide variety of materials tested, many, including Bernd Matthias,
have been pessimistic about the prospects for finding excitonic super-
conductivity. While these experiments do show that the conditions for
observing it must be very exacting, they do not rule it out completely.
Since the potential importance of high temperature superconductivity
is so great, I feel that the search should be pursued vigorously even
though the prospects for success may be small.”

Indeed this was in an article forming part of a Festschrift to celebrate the 60th birth-
day of Bernd Matthias.

A further fundamental advance took place in the early 1960s at Cambridge when
Brian Josephson developed his far-reaching ideas on the tunnelling between two
superconductors. What later became known as the Josephson effects have profoundly
influenced our understanding of superconductivity. He investigated theoretically the
behavior of two superconductors separated by a very thin insulating barrier, the
sandwich now called a Josephson junction. Cooper pairs are able to tunnel through
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the barrier, which is then said to act as a “weak link”. Josephson junctions have many
applications, the most widespread of which involve the use of Superconducting
Quantum Interference Devices: SQUIDS. The Josephson effects are discussed in
Chapter 7 and some of their many their applications in Chapter 9.

Towards Higher Temperature Superconductors

In 1973, following on from the work of Matthias and Hulm on the A-15 compounds,
John Gavaler produced a stoichiometric film of Nb;Ge and observed a super-
conducting transition temperature of 23.1K, above the normal boiling point of
liquid hydrogen; for a number of years this remained the record transition
temperature. In the following years, all attempts to produce materials with higher
transition temperatures were unsuccessful and this gave support to the widely held
pessimism that superconductivity was confined to low temperatures and would be
unlikely to occur much above 25K. The status of superconductivity by the middle
of the 1980s was well summarized in an article on low temperature physics, which
was part of a series produced by the US National Research Council under the title
Physics through the 1990s:

“The future of superconductivity in the next 10 years seems to be readily
apparent from its past ten years. Even without the unpredictable discovery
of a material with a much higher T, of an alternative pairing mechanism
other than the electron—phonon interaction, or of new phenomena with
the impact of the Josephson effects, the field is likely to continue to
prosper along the lines of the recent past. It is reasonable to predict that
new and unusual superconducting materials will continue to be dis-
covered and avidly studied. Future improvements in the theory of dynam-
ic phenomena in superconductors seem likely — so are improvements in
device performance and in high field materials.”

This article was first printed in April 1986, the same month that Georg Bednorz and
Alex Miiller, working at the IBM Zurich laboratories, submitted an innocuous
looking paper to the journal “Zeitschrift fiir Physik”. This paper was to transform
completely our outlook on superconductivity and led to the most exciting period
ever in condensed matter physics.
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Scientists, engineers and industrialists were seized with excitement following the
discoveries made in high temperature superconductivity in cuprates after the break-
through in 1986 by Miiller and Bednorz. Theirs was a most fruitful collaboration with
consequences that must have far exceeded their wildest dreams. No well defined
paths lead to great discoveries. Yet fortune favours the prepared mind. Their know-
ledge and expertise complemented each other and they made a shrewd decision to
explore a class of materials not generally associated with superconductivity. The rest
is history.

Choosing Perovskites

By the middle of the 1980s, Karl Alex Miiller had already enjoyed a successful career
in physics. Born in 1927, he had studied physics at the Swiss Federal Institute in
Technology (ETH) in Zurich obtaining his doctorate in 1958. While there, he came
into contact and was greatly impressed by the brilliant physicist Wolfgang Pauli who
had won the 1945 Nobel Prize in physics for his discovery of the exclusion principle:
fundamental to quantum mechanics. Miiller saw Pauli as a role model. In 1963,
Miiller joined the research staff of the IBM Zurich Research Laboratory and by 1972
was head of physics there. Ten years later, he was promoted to an IBM Fellow. This
prestigious appointment, awarded to few, gave him reign to work on any aspect of
science that he wished. For almost his entire career, Miiller had investigated a variety
of problems in condensed matter physics. As far back as his doctoral studies, super-
vised by Georg Busch, he had investigated iron impurities in a recently synthesized
oxide, strontium titanate (SrTiO3), which has the ideal perovskite structure. His
continuing interest in this oxide led him to focus on perovskite materials in general.

Strontium titanate is an example of an ideal perovskite ABX5, which has the
cubic crystal structure shown in Figure 3.1. Here the A and B atoms are metallic
cations with a positive charge, while the X atoms are nonmetallic anions having a
negative charge. The larger of the two metallic cations, denoted by A, lies at the
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Figure 3.1 The basic perovskite ABXj; structure. A is the larger metallic cation (shaded dark
grey) at the center; B is the smaller metallic cation (shaded light grey) at the corners of the
dotted cube. There is an oxygen atom (O is the atom X) on each corner of every octahedron;
these are not shown.

center of a cube, and the smaller cations B occupy the corners. The anions X lie at
the midpoints of the twelve edges. Over twenty elements have been found to occupy
the A sites, around 50 elements the B sites. The anion X is frequently oxygen,
although it may also be a member of the halogen family i.e. fluorine, chlorine or
bromine. It can readily be appreciated that combinations of so many different
possible ions can give rise to numerous ideal perovskite compounds. In addition,
there are a large number of materials with a variety of modifications or defects, which
depart from the ideal perovskite structure.

Perovskites were named in 1830 after the Russian mineralogist Count Lev
Alekseevich von Perovski. They are naturally occurring minerals and, in the form of
various silicates, are the most abundant materials in the earth’s crust. From the point
of view of condensed matter physics, they can be many things: insulators, semi-
conductors, metals, superionics, ferroelectrics, piezoelectrics and others, and have
been the starting point for much wide-ranging and fruitful research. The wide variety
of physical properties can often be attributed to departures from the basic perovskite
structure. For almost his entire career, perovskite materials have fascinated Miiller.
This obsession has led him to a faith in the ability of perovskite materials to generate
new and important physics. It is a viewpoint that has served him well.

In 1978, Miiller spent an eighteen-month sabbatical at the IBM Thomas J.
Watson Research Center in Yorktown Heights, New York. There he turned his
attention to superconductivity, a subject fresh to him. He was aware that there had
been no major breakthrough in the area for several years: the highest known super-
conducting critical temperature 7, had stubbornly continued to remain at around
23K. To exacerbate matters, IBM had recently abandoned its very costly and largely
unsuccessful attempt to produce a marketable computer based on Josephson

Copyright 2005 by CRC Press



THE BREAKTHROUGH TO HIGH TEMPERATURE SUPERCONDUCTIVITY 35

junctions (see Chapter 9), which are superconducting electronic devices capable of
switching much faster than those based on semiconductors. Miiller had read Michael
Tinkham’s classic book Introduction to Superconductivity but this did not provide
him with any fresh approach that could clearly lead to new materials with higher
critical temperatures. On his return to Zurich, Miiller continued to investigate super-
conductivity, at first working alone, and then, from 1983 onwards, with Johannes
Georg Bednorz. The interests of the two men overlapped.

Bednorz was born in Neuenkirchen in Germany in 1950 and obtained his under-
graduate degree from the University of Miinster in 1976. He then worked for a PhD
at the ETH in Zurich under the supervision of Miiller and Professor Heine Granicher
receiving his doctorate in 1982. As a result of his studies, Bednorz had developed
wide-ranging expertise in areas such as crystallography, solid-state chemistry and
condensed matter physics. One of his first experimental investigations was on the
growth and characterization of single crystals of the perovskite, strontium titanate
(SrTiO3). This oxide is a well known ferroelectric. It was known that it can be made
superconducting, if it is reduced so that oxygen atoms are removed from the lattice,
but the critical temperature of around 0.3K is exceedingly low. Bednorz had already
had some experience in superconductivity. In 1978, he spent a brief period at the IBM
Zurich laboratory trying to enhance the superconducting behavior of SrTiOj.
Together Bednorz and Miiller managed to raise its critical temperature to 0.7K by
alloying with niobium.

For some while after they had teamed up, Bednorz and Miiller worked in self
imposed isolation. At that time, superconductivity was a rather unfashionable
research topic with a poor track record of commercial success. Miiller’s position as
an IBM fellow enabled him to pursue the topic without having to report to the
managers at IBM. Both felt that if they were unsuccessful in their goal of finding a
higher temperature superconductor, then the whole subject could be conveniently
forgotten without jeopardizing Bednorz’s career. At the outset, Bednorz and Miiller
realized that such an enormous amount of research had been carried out on inter-
metallic compounds, especially the A-15 materials (see Chapter 2), that they were
unlikely to make much progress in obtaining substantially higher critical tem-
peratures by this route. Experience gained from their work on SrTiO5 suggested that
a more fruitful path might be to examine oxide materials.

A Lateral Move: the Discovery of Superconducting Oxides

The surprisingly high critical temperature 7;, of 13K had already been discovered in
1973 in the perovskite-like lithium titanium oxide. X-ray analysis work showed this
to be a complex multiphase system in which a spinel structure component was the
one responsible for the occurrence of superconductivity. Of even greater significance
was the discovery in 1975 of superconductivity, again at 13K, in a barium lead
bismuth oxide BaPb,_,B1,05 by a group at Du Pont, headed by Arthur Sleight. Since
this material could readily be prepared in a single phase, as well as in the form of thin
films, its potential for device applications attracted some interest.
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Figure 3.2 The temperature dependence of the electrical resistivity in two different
La—Ba—Cu—O specimens. The steep drop towards zero was the first positive indication of
high 7, superconductivity in cuprate materials. (Bednorz and Miiller (1986).)

The Log-jam is Broken: Superconductivity Above 30K

In their search for oxide superconductors with even higher critical temperatures,
Bednorz and Miiller were guided by the BCS theory (see Chapter 6). For about two
years they examined a large number of oxides, which were mainly nickel based, but
failed to find any evidence for superconductivity. In the autumn of 1985, while
Bednorz was carrying out a literature search, he became aware of a publication by
Claude Michel, L. Er-Rakho and Bernard Raveau at the University of Caen in France.
This paper described the behavior of some barium doped lanthanum cuprates, which
have a perovskite structure, and exhibit metallic conductivity in the temperature
range between +300°C and —100°C. The French group were chemists and their main
interest was in the catalytic potential of the material. However, Bednorz and Miiller
felt that this system fulfilled many of the criteria which they believed were necessary
for an oxide to show superconductivity, and so Bednorz set about preparing a series
of solid solutions of the oxides. They began examining the samples in the middle of
January 1986 and observed a metallic-like decrease in the resistance on initial
cooling, followed by an increase (which in fact can be understood by a rather
complex argument based on the effects of localization). Then a dramatic drop in the
resistance by about 50% took place at 11K. The way in which the resistance varies
with temperature follows the pattern shown in Figure 3.2. The sudden drop in
resistance was the first tentative indication of a possible onset of superconductivity
and led to a frantic effort on their part. By varying the sample composition, as well
as the heat treatment, they were soon able to shift the onset of the resistivity drop up
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to 30K (Figure 3.2). Although this observation appeared to be highly significant,
Bednorz and Miiller were still by no means certain that what they had observed was
genuine superconductivity. The history of this subject had been full of claims for
superconducting transitions at high temperatures, which later turned out to be false.
The dramatic drop in resistance could have been due to an entirely different physical
effect, such as a transition from the metallic to an insulating state, or alternatively to
something much more prosaic like the sudden appearance of an electrical short across
their sample. Shades of Kamerlingh Onnes and his concerns so long before! They
realized that they required evidence for the Meissner effect in their material before
their claims would be taken seriously. To this end, they requested the purchase of a
DC Squid Magnetometer for their laboratory in order to make magnetic susceptibility
measurements. However, it was not until the middle of 1986 that this equipment
arrived, was set up, tested and made ready to measure the susceptibility of the new
materials. In the meantime, they carried out further extensive studies to try and
identify the likely superconducting phase.

In April 1986, Bednorz and Miiller submitted their paper to Zeitschrift fiir
Physik entitled “Possible High 7., Superconductivity in the Ba—La—Cu—O System”.
This somewhat circumspect title reflected their recognition that they had not yet
observed the Meissner effect; that is superconductivity had been indicated but not
established conclusively. It was an elegantly written paper, which discussed the
synthesis of metallic oxygen deficient compounds with the composition
Ba,Las_ CusOs(;_y). They showed that samples with x=1 and x=0.75 and y>0,
when annealed below 900°C under reducing conditions, produced three phases. One
of these had a metallic, perovskite-type, layer-like structure that was related to the
K,NiF, structure; they suggested that it was this phase that might be responsible for
any high temperature superconductivity.

This seminal paper appeared in the September edition of Zeitschrift fiir Physik.
The required susceptibility measurements were carried out towards the end of 1986
in collaboration with a Japanese visitor, Masaaki Takashige. Some of the measure-
ments are reproduced in Figure 3.3. The transition from a nearly temperature
independent paramagnetic state to the strongly temperature dependent diamagnetic
state with a negative susceptibility can be clearly seen. For Bednorz and Miiller this
observation of the Meissner effect confirmed that they were indeed observing super-
conductivity in these new ceramic materials.

The Immediate Impact of the Discovery

After their original paper appeared in Zeitschrift fiir Physik, Bednorz and Miiller did
not have to wait long before they realised that their work was being taken very
seriously. The first rumours of outside interest began to circulate almost two months
after publication, just before the start of the annual American Materials Research
Symposium, which that year was being held in Boston, Massachusetts. One of those
attending the meeting was the Japanese physicist Koichi Kitazawa from Tokyo
University who had been invited to lecture on his latest work. However, for several
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Figure 3.3 The low temperature magnetic susceptibility of La—Ba—Cu—O samples. The
vertical arrows indicate the changeover temperature from paramagnetic to diamagnetic
behavior; the marked diamagnetic behavior below that temperature indicates the onset of the
Meissner effect, establishing that these materials are indeed superconducting. (Bednorz
etal (1987a).)

weeks prior to the meeting, Kitazawa, together with his group leader Shoji Tanaka
and several colleagues, had abandoned their ongoing line of research and instead con-
centrated entirely on investigating the new superconductors. For some time prior to
this, the Tokyo group had been examining superconductivity in the Ba—Pb—Bi—O
system originally discovered by Arthur Sleight and his team at Du Pont. By the
middle of 1986, the Japanese scientists had exhausted this line of research and were
therefore most excited by the paper of Bednorz and Miiller. In a series of communi-
cations to the Letters section of the Japanese Journal of Applied Physics, they
confirmed and extended the findings of Bednorz and Miiller. They demonstrated the
Meissner effect as well as showing that the superconductivity occurred in the bulk
material rather than being percolative in nature as originally suggested by Bednorz
and Miiller. They also identified the superconducting phase as having the compos-
ition La,_,Ba CuO,4 with x in the region of 0.2. This material had a layered
perovskite K,NiF, structure that could be viewed as a stacking of LaO—CuO,—La0O
sandwiches. They had the vision to suggest that the states responsible for the super-
conductivity probably lay in the CuO, plane at the centre of the sandwich and
concluded that two-dimensional superconductivity is likely to be taking place, since
the distance between neighboring CuO, planes is quite large. Later it was to be
appreciated that the two-dimensional nature of the superconductivity is an essential
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feature of these new high temperature superconductors. Kitazawa presented some of
the results from the Tokyo group on December 4, 1986, at the Boston meeting of the
American Materials Research Symposium.

The Japanese were certainly not alone in showing avid interest in the new super-
conductors. It quickly became apparent that groups in the United States, Europe,
China and elsewhere had become actively involved. The possibility of competition
from China was indicated when an article appeared on the front page of the Chinese
People’s Daily for December 27, 1986. It reported work by the team led by
Zhong-Xian Zhao from the Institute of Physics in Beijing on superconductivity in the
La—Ba—Cu-oxides. Perhaps of greater interest was the mention that the Beijing
group had found evidence for a possible superconducting transition at around 70K,
although tantalisingly no further details were given.

Since Bednorz and Miiller worked at the IBM Laboratories in Zurich, a very
active research program into the new ceramic superconductors was initiated at the
two main IBM Research Laboratories in the United States. These are the Thomas J.
Watson Laboratory at Yorktown Heights outside New York and the Almaden
Laboratory near San Jose in California. Scientists in these laboratories rapidly began
to carry out intensive investigations over a wide field of study, particularly with a
view to potential commercial exploitation. They made some of the first studies on
thin films of these materials.

Almost simultaneously, several research groups carried out experiments on
materials in which barium was replaced by strontium, another alkaline earth metal.
They all observed a further increase in the superconducting transition temperature up
to 36K. Within a few days of each other, several papers were submitted for rapid
publication. The Japanese group under Tanaka and the group at the AT&T Bell
Laboratories led by Robert Cava and Bertram Batlogg were first. The findings of the
people from the Bell Laboratories were printed on the front page of the New York
Times for the December 31, 1986. This was symptomatic of a new trend in which
many people heard about the latest breakthrough via the world’s news media rather
than through the scientific literature. This finding that the substitution of barium for
strontium produced an increase in critical temperature 7, was also reported early on
by the group at Bell Communications Research Laboratory (Bellcore) and in Zurich
by Bednorz, Miiller and Takashiga; the results of these studies appeared in print
during February 1987.

Superconductivity Above the Boiling Point of Liquid Nitrogen

A major player in high temperature superconductivity has been Paul (C W) Chu who,
during these exciting times, was working at the University of Houston in Texas. Chu
has had a long and distinguished career of research into superconductivity; he is
particularly well known for his investigations into the effects of pressure on the
superconducting transition temperature 7. He was born in the Hunan province of
China in 1941 and named Ching-Wu. His parents were members of the Nationalist
Party and they became involved in the civil war in China, which began in 1945. Life
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was very difficult for the family and they were forced to leave China and flee to
Taiwan in 1949.

Chu’s scientific education began in Taiwan and in 1962 he graduated from
Chengkung University. Like many ambitious students in Taiwan at that time, he
wanted to pursue his graduate studies in the United States and managed to enrol for
a Masters degree at Fordham University in the borough of Bronx in New York. On
arrival in America, Chu began to adopt his Christian name Paul. He studied under
Joseph Budnick, a distinguished solid-state physicist. His career began to advance
after he had embarked on his doctoral studies at San Diego in California under Bernd
Matthias. Chu and Matthias were kindred spirits. Like Matthias, Chu is an
outstanding scientist who is able to think creatively and imaginatively and has the
self-confidence to follow through his ideas. Trying to find materials with ever-higher
superconducting transition temperatures obsessed both men. So far, success had
largely eluded Chu. Some years earlier he was involved in a controversy over
possible superconductivity in copper chloride (CuCl). While working at Cleveland
State University in Ohio, Chu collaborated with a Russian visitor Alexander Rusikov.
Together, they studied CuCl and repeatedly observed anomalies in the magnetic
behavior around 200K, which they speculated might be attributed to the onset of
superconductivity. On returning to Russia, Rusikov, somewhat unwisely, announced
that they had observed superconductivity at this temperature. This was widely
reported. Subsequent measurements by scientists at the Bell Laboratories showed
conclusively that pure CuCl was not superconducting, although Chu continued to
argue that superconductivity might be occurring in the impure material. However, the
whole episode probably did little for his scientific reputation.

It was on returning to Houston early in November 1986, having spent the
previous month at the headquarters of the National Science Foundation in
Washington D.C., that Chu first saw a copy of the paper by Bednorz and Miiller,
which one of his students had left out for him to read. For Chu, this was to be a
defining moment in his life. He realised at once that the new La—Ba—Cu—O ceramics
should be examined under high pressure. Chu had developed a highly effective
research group and he and his team launched themselves into a concerted effort to
investigate the new materials. They quickly demonstrated that application of pressure
produced a dramatic increase of the transition temperature. No other material that
they had ever previously studied had shown such a large increase in the super-
conducting transition temperature with increasing pressure. Chu presented some of
his group’s first results at the Boston meeting of the Materials Research Symposium
on December 4th. Some of the data from their publication in Physical Review Letters,
which appeared early in 1987, are shown in Figure 3.4, where it can be seen that the
superconducting transition temperature was increased to around 40K by an applied
pressure of 13 kbar. Further application of pressure led to a rise in the transition
temperature up to 52K. Quite apart from setting new records for 7, their work had
enormous significance: it pointed clearly to the direction in which to proceed. What
was needed was to find a completely new compound made from smaller atoms that
could simulate at atmospheric pressure the “squeezing” effect due to the application
of pressure. This clever idea directed a frenzied effort by Chu and his colleagues to
find such a material.
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Figure 3.4 (a) Temperature dependence of the electrical resistivity at selected pressures for
a La—Ba—Cu—O sample. Upper curve: 0 kbar, middle curve: 6.6 kbar, lower curve: 13.3 kbar.
(b) The transition temperature 7, at which superconductivity onsets as a function of pressure
for the same La—Ba—Cu—O sample. (Chu et al. (1987).)

Chu realized at the start of his research into high temperature superconductivity
in the oxide ceramics that there was going to be fierce competition between several
leading groups but enormous rewards for those who were first successful. He appreci-
ated that to achieve success it would be advantageous to have additional skilled
experimentalists working on the problem. While he was at the Boston conference,
Chu met up again with one of his former students, Maw-Kuen Wu. Chu invited him,
along with his research group, to join him in the search for the new superconductors.
Like Chu, Wu had come to the United States from Taiwan and was also prepared to
strike out boldly in search of new superconducting materials. He led a research group,
which specialized in preparing and studying oxide materials, at the Huntsville
campus of the University of Alabama. A concerted effort on the part of both groups
rapidly led to success. The decisive move was the decision to replace lanthanum with
the element yttrium. Although this had been mentioned as a possibility in discussions
between the two groups, it appears that the main impetus to do so stemmed from some
empirical calculations made by Jim Ashburn, who was one of the graduate students
of Maw-Kuen Wu. Together with another graduate student Chuan-Jue Torng, they
made an yttrium (Y) — barium (Ba) — copper (Cu) — oxide sample. At their first
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attempt made on January 29th 1987, they saw evidence for superconductivity at 93K
in their material. In great excitement, they telephoned Chu and the following day, Wu
and Ashburn flew to Houston with their sample to carry out further investigations.
Chu contacted the editor of Physical Review Letters and immediately wrote and sent
off two back-to-back manuscripts to that journal, which arrived at the offices of the
American Physical Society on February 6th. Ten days later, Chu held a press con-
ference announcing the discovery but withholding any details about it, and instead,
referred all inquiries to the forthcoming publications. Meanwhile, he and his
colleagues had filed for a patent. The papers appeared in the March 2nd edition of
Physical Review Letters. The two groups together reported superconductivity up to
93K, well above the boiling point of liquid nitrogen (77K), in a ceramic material
comprised of Y—Ba—Cu—O. The opening lines of their first paper are emphatic:

“The search for high-temperature superconductivity and novel super-
conducting mechanisms is one of the most challenging tasks of condensed-
matter physicists and material scientists. To obtain a superconducting
state reaching beyond the technological and psychological temperature
barrier of 77K, the liquid-nitrogen boiling point, will be one of the greatest
triumphs of scientific endeavor of this kind... ... ... For the first time, a
‘zero-resistance’ state (p < 3 X 1078 Qcem, an upper limit determined by
the sensitivity of the apparatus) is achieved and maintained at ambient
pressure in a simple liquid-nitrogen Dewar.”

It can be seen that, in stark contrast to the tentative wording of the paper by
Bednorz and Miiller, Chu and his colleagues were anxious to dispel any lingering
doubts that might be held by others that they had indeed observed superconductivity
at the temperature that they claimed. They took pains to emphasize that they were the
first people to observe zero resistance in a material immersed in a simple liquid
nitrogen Dewar. The superconducting transition temperature that they observed
decreased in an applied magnetic field as would be expected for genuine super-
conductivity. Their results for the temperature and magnetic field dependence of the
resistance are reproduced in Figure 3.5. Also shown are their magnetic susceptibility
measurements, which clearly show the Meissner effect. Very significantly, the first
reference in the first paper was to a United States patent application for their
discovery. Chu had made strenuous efforts to ensure that the details of his discovery
were kept secret until these papers had been published. Nevertheless, information
about the discovery was leaked, although the perpetrator was never traced. However,
Chu was fortunate in that in his great haste to write and submit the manuscript, he
had inserted the symbol Yb for ytterbium instead of Y for yttrium. This error was
only corrected during the proofreading stage. Chu has always maintained that this
was a genuine error resulting from the manuscript having been produced so rapidly.
Others, who were misled by the leaked information, have accused him of having
deliberately inserted the wrong symbol. For Chu and others much was at stake.
Without doubt, there was the heady possibility of being awarded a Nobel Prize. More
importantly, in the long run, were the enormous technological, and hence com-
mercial, implications since it was clear that a superconducting technology based on
liquid nitrogen would be so much cheaper and easier to use than that based on liquid
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Figure 3.5 The first observation of a transition to the superconducting state above the boiling
point (77K) of liquid nitrogen as shown in (a) the temperature dependence of the electrical
resistance, (b) the effect of application of an increasing magnetic field (1—4) on the resistance
and (c) the temperature dependence of the magnetic susceptibility (demonstrating the
Meissner effect) of a Y —Ba—Cu—O sample. (Wu et al. (1987).)

helium. The prospect of lucrative markets lay ahead. It was essential for Chu and his
colleagues to try and establish priority for their discovery. They were certainly none
too soon. On February 25, 1987, the Chinese People’s Daily announced the dis-
covery by the Beijing group of superconductivity at 90K in Y—-Ba—Cu—O. This was
widely reported around the world. In addition, several groups in Japan acted on this
announcement and within a few days, managed to reproduce the results. The group
in Tokyo even claimed that they had first observed superconductivity around 90K as
early as February 20th. The discovery of the 90K superconductor, coming so soon
after the initial discovery of Bednorz and Miiller, had certainly stimulated further
research.
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The New Era is Ushered In

The weeks and months immediately following the discovery of high temperature
superconductivity were exciting and unprecedented ones for condensed matter
physicists throughout the world; many vied with each other to reproduce and extend
the work. As articles were hurriedly prepared and rushed into print, many scientists
temporarily discarded the methodical, scientific approach in which research articles
are carefully written and peer reviewed. Several new journals spawned with the sole
aim of the rapid dissemination of new results. Faxes, preprints, telephone conversa-
tions and press releases became the norm as people and companies competed with
each other to present new results and establish priorities for their discoveries. There
has never been anything quite like it in the history of science.

An early indicator of the atmosphere at that time was the famous Extraordinary
Session of the March 1987 meeting of the American Physical Society. This was held
in New York and the session took place on the March 18, barely two weeks after the
appearance of the Chu paper. This was the first opportunity for many scientists to
report their new findings. Over two thousand scientists attended the session and an
additional two thousand saw it relayed on video in one of the anterooms. The
chairman was Brian Maple from La Jolla, California and the format was that five
people from leading research institutes in the field were each allocated twelve
minutes to talk and answer questions followed by anybody else having a slot of five
minutes.

The five principal speakers were Alex Miiller from IBM in Zurich, Shoji Tanaka
from the University of Tokyo, Paul Chu from Houston, Zhong-Xian Zhao from the
Institute of Physics in Beijing and Bertram Batlogg from AT&T Bell laboratories.
This was the first opportunity for most people to be able to listen directly to what Chu
and his colleagues had achieved, and understandably, there was enormous interest in
his presentation. However, in many respects, the star of the show was Bertram
Batlogg who dazzled the audience with a series of stunning viewgraphs. Towards the
end of his talk, he showed a one inch diameter toroid made from the new
superconducting material, which could readily form the core of a superconducting
motor or magnet. Immediately afterwards, he produced a foil of the superconductor
suitable for manufacturing a variety of electronic devices. The progress that had been
achieved in such a short space of time by the group from AT&T Bell laboratories was
awesome. Batlogg concluded his presentation with the emotive words “I think our
life has changed”, whereupon the audience erupted with loud cheers and clapping.

The five main speakers were followed by a host of others all anxious to present
their results and hopefully establish some sort of precedence for their discoveries.
The main areas of interest were: the composition and structure of the new super-
conductors, especially the 93K materials; how far these materials could be reconciled
with the BCS theory; possible new superconductors with even higher transition
temperatures and the whole range of technological applications. Speaker followed
speaker until the meeting finally drew to a close in the small hours of the morning.
Few were in doubt that the evening session had represented a landmark in the history
of science and possibly even marked a turning point in human development. The
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event subsequently became known as the “Woodstock of Physics”. It was widely
believed that the recent discoveries ushered in far reaching new physics and a revo-
lutionary era in which superconductors would soon underpin everyday technology.

Rapid Award of the Nobel Prize

After a brief period of scepticism, it was universally recognized that Bednorz and
Miiller had made a major discovery. Its impact was such that they received the Nobel
Prize for physics the following year, 1987. This was one of the most rapid awards
ever given for this prestigious prize and was one of the rare occasions that the original
stipulation of Alfred Nobel’s will was fulfilled exactly in that the award should be
made to those who “during the past year, shall have conferred the greatest benefit on
mankind”. The Nobel Prize citation noted that their discovery inspired a great number
of scientists to work with related materials. This would seem to be a considerable
understatement. During 1987, a substantial proportion of condensed matter
physicists began working in this field. There were many people who felt that Paul
Chu also deserved to be included in the Nobel Prize award. It has been argued that
Bednorz and Miiller had a head start of several months over Chu and his colleagues
but failed to find a superconducting ceramic above the boiling point of liquid
nitrogen. Others have argued that Chu’s breakthrough is of technological rather than
scientific significance. Chu also became embroiled in controversy with the
researchers from Alabama over priority for the discovery of the 90K superconductor.
There is little doubt that the first people to observe superconductivity above 90K were
Maw-Kuen Wu, Jim Ashburn and their colleagues at the University of Alabama. This
was specifically recognized in the first of the two seminal publications in Physical
Review Letters that appeared on March 2, 1987, in which Wu was the first author. It
is equally true that it is highly unlikely that they would have made the discovery
without the input from Chu’s group at Houston. It had been their pressure measure-
ments on La—Ba—Cu—O that clearly pointed in the direction for future investigations.
It was natural that Chu, a very senior scientist who spoke excellent English, should
act as spokesman for the two groups. Since Wu had been a former student of Chu’s,
it was understandable that he would tend to defer to his former research supervisor.
However, just as Gilles Holst may merit much greater credit for the initial discovery
of superconductivity in 1911, so Wu and Ashburn could well deserve greater
recognition for the discovery of Y—-Ba—Cu—O. In addition, it is unclear how much
credit should go to the Tokyo and perhaps the Beijing groups for the discovery of the
90K superconductor. The Nobel Prize committee astutely avoided any controversy
by awarding the prize just to Bednorz and Miiller. Since the deadline for nominations
is February Ist, the prize could easily be awarded solely to them since it was a month
before the publications of Chu and colleagues.

There are some interesting parallels between the initial discovery of super-
conductivity in 1911 and that of the ceramic superconductors by Bednorz and Miiller
75 years later. In both cases, the theoretical arguments, which gave rise to each
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investigation, were questionable. Kamerlingh Onnes was testing an idea put forward
by Lord Kelvin in which the latter suggested that at extremely low temperatures the
electrons were likely to attach themselves to the positive ions resulting in an increase
in the resistance and eventually the conductor becoming an insulator. As a result of
investigating this idea, Kamerlingh Onnes discovered superconductivity, an outcome
which nobody could have possibly predicted from the existing understanding of
metals at that time, but which proved to be much more exciting and far reaching than
his original experimental objective. In fact, there has been no evidence at all for
Kelvin’s suggestion. Although Bednorz and Miiller set out in a deliberate search for
high temperature superconductors, their speculations as to the criteria necessary for
possible candidates were largely insubstantial. They placed enormous faith in
materials that had the perovskite structure. They also worked within the framework
of the BCS theory and attempted to identify metallic oxides in which the
electron—phonon interaction was likely to be enhanced. However, we now know that
the two dimensional nature of the cuprate materials is a much more important
condition for the occurrence of high temperature superconductivity than their
original ideas. Nevertheless, Bednorz and Miiller made a discovery of enormous
significance. In both the original finding of superconductivity and then that of the
high temperature superconductors, there is no doubt that serendipity played an
important role. The history of science is full of this. The discovery of x-rays and
radioactivity are two important examples from the end of the 19th century while
nuclear fission and the cosmic background radiation are from the 20th century. Many
books on science tend not to emphasize enough how often scientists make important
discoveries through a chance observation. With cutbacks in funding for research in
both universities and industry likely to continue, less and less money is made
available for speculative “blue sky” research. In the long run, this is detrimental to
innovative thinking. The policy adopted by IBM of giving scientists, with an
outstanding track record of successful research, the status of IBM Fellow, enabling
them to pursue their own lines of research largely unimpeded by constraints, proved
singularly successful. In this respect, it is significant that earlier the 1986 Nobel Prize
in physics had been awarded jointly to Gerd Binnig and Heinrich Rohrer, also of the
IBM Laboratories in Zurich, for their discovery of the scanning tunnelling
microscope.

Onwards and Upwards

The discovery of materials with transition temperatures well above that of liquid
nitrogen finally laid to rest the widely held belief that superconductivity is confined
to the temperature region close to the absolute zero. It spurred efforts to find materials
with even higher transition temperatures — possibly even as high as room
temperature. A good indication of the dramatic increase in the value of the critical
temperature 7;, in the few months following the original discovery of Bednorz and
Miiller can be seen from Figure 3.6. In the 75 years since the initial discovery of
superconductivity by Kamerlingh Onnes in 1911, the value of T rose by less than
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Figure 3.6 How the maximum superconducting transition temperature 7, has changed with
time, showing the dramatic increase resulting from the international scientific response to the
discovery of the high 7, materials. (Bednorz and Miiller (1988).)

20K, whereas in under a year following the work by Bednorz and Miiller, it rose by
over 70K with a further increase of about 30K early in 1988.

A year after the important discovery of superconductivity above the normal
boiling point of liquid nitrogen (77K), interest became focused on two similar series
of compounds both of which showed superconductivity above 100K. The French
group at Caen led by Bernard Raveau were the first people to show the existence of
superconductivity in the system Bismuth (Bi) — Strontium (Sr) — Copper (Cu) —
Oxygen (O) at a temperature of around 10K. In January 1988, a Japanese group
working at the National Institute for Metals in Tsukaba led by Hiroshi Maeda first
reported the existence of a superconducting phase with a 7, of around 110K in
Bi—Sr—Ca—Cu-0, that is where Calcium Ca had been added to the system studied
by the French. The structure and properties of this system were intensively studied
by several groups; it was quickly established that there was a new series of super-
conductors with the structural formula Bi,Sr,Ca,,_;Cu,0,,,+4 with 7, of 10K, 85K
and 110K for » = 1, 2 and 3 respectively (see Chapter 4). One reason for the interest
in this system was that it represented the first high temperature superconductor that
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did not have a rare earth element in it. It also focused attention on the importance of
the two dimensional layer-like structure. The bismuth superconductors have been
studied extensively and have features that make them useful for technological
applications.

Less than a month after the discovery by the Japanese group of the bismuth
based superconductor, Allen Hermann and Zhengzhi Sheng of the University of
Arkansas in the USA announced superconductivity above 100K in the thallium (TI)
based system T1-Ba—Ca—Cu oxide. Again, several research groups established that
the structural formula for this system is T1,Ba,Ca,,_{Cu,O,,4 with T, of 80K,
110K and 125K for n=1, 2 and 3 respectively. Less is known about the thallium than
the bismuth compounds, in part because of the extremely toxic nature of thallium. A
critical temperature 7;, of 125K for the »=3 thallium compounds was the highest
superconducting transition temperature for a few years despite enormous efforts to
increase the transition temperature and several claims for higher temperatures which
later have turned out to be false. However, in 1993, the group at the Technical
Hochschule in Zurich, led by Hans Ott, reported superconductivity at above 130K in
the system Hg—Ba—Ca—Cu oxide. This is yet another layered material with CuO,
planes in which the thallium is replaced by mercury (Hg). Further work by Chu and
his colleagues, in which the compound HgBa,Ca,Cu;Og.5 was subjected to
pressures up to 150 kbar, led to a T, in excess of 150K. At present (2004) this would
seem to be the current record for the superconducting critical temperature.
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The Defective Nature of Cuprates

Once superconductivity had been clearly established in the new ceramic oxide
materials, such as YBCO, the race was on to determine their composition, structure
and basic properties. Few materials have ever been subjected so intensively to experi-
mental study, using every conceivable technique. Scientists and engineers have a
habit of saying “Nothing is easy”. This is particularly true of work on the cuprates.
It has proved singularly difficult to make good clean material. After fabrication,
samples always contain many defects, including grain and twin boundaries,
vacancies and dislocations. The atomic arrangements are by no means perfect; the
layers are not always stacked in the ideal sequence. In addition the constituent
elements are often not in the exact atomic proportions suggested by ideal chemical
formulae; a deficiency in oxygen is not unusual, and this can completely change the
electronic properties, including superconducting behavior.

As a result of the highly defective nature of the materials, inconsistencies
between experimental results abound, making it difficult to get a clear picture of what
1s going on. Such a situation is not rare in science, especially during the period
immediately following a major discovery that generates a huge amount of research,
as it has for the cuprate superconductors. Over forty years ago, in the concluding
section of a comprehensive review article on “The ordinary transport properties of
the noble metals”, the eminent theoretician John Ziman wrote:

“It is not easy to sum up this complicated subject. The noble metals have
suffered so many experimental observations, which have been subjected to
so many theoretical explanations, that one can always find some evidence
to support any point of view. Many of the observations are inconsistent
with one another and with all theories. The abnormal sensitivity of many
properties to small amounts of impurity leads to conflict of evidence, which
only further deliberate experiments can resolve. It is not merely a question
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of fitting together a jig-saw puzzle; every piece has several spurious
versions which must be identified and discarded.”

Ziman’s words echo down the years and are particularly apt in the case of the high
temperature superconductors.

For many years superconductivity belonged almost entirely to the domain of the
physicist. By contrast, a striking feature of the research into high temperature super-
conductivity has been the wide range of backgrounds of the people at work on it:
neatly summarized by Ted Geballe and John Hulm, two leading physicists in the
development of type Il superconductors, in an early review article:

“The nature of the research, which requires physicists, materials scientists,
electrical engineers, chemists and ceramicists, is a textbook example of the
vitality of interdisciplinary research — the hallmark of modern materials
research’.

A typical example of somebody who was drawn into studying high temperature
superconductors is Robert Hazen. He works at the Geophysical Laboratory of the
Carnegie Institution at Washington, which concentrates on the study of the physics
and chemistry of earth materials: minerals, rocks, volcanoes and the earth’s deep
interior. Hazen is an expert crystallographer and was asked to study the structure of
one of the first samples of YBCO produced by Paul Chu. The opportunity trans-
formed his life, and even that of his family for a time, as he recounts in his book
Superconductors.: The Breakthrough.

Structure and Doping of La,_,Ba CuOy

Whenever a new material is discovered, one of the first things to do is to find out how
the atoms are arranged in it. Such structural work is usually carried out using x-ray
and neutron scattering techniques. Although the first cuprate superconductor
La, ,Ba CuO,, found by Bednorz and Miiller, had a known crystal structure, this
was not true of the other layer-like cuprate compounds such as YBCO, which were
previously unknown and had atoms in arrangements that had not been observed
before. Knowledge of the structure has turned out to be crucial to understanding the
mechanism of superconductivity in the cuprates. So as each new high temperature
superconducting compound has been discovered, its structure has been subjected to
intense scrutiny by crystallographers. From a practical point of view, realization that
the cuprate superconductors La,_ ,Ba CuO4 and YBCO have layer-like structures
was a starting point for the search for related compounds made from other elements;
work stimulated by that approach led to the development of series of bismuth,
thallium and mercury compounds, which showed progressively higher critical tem-
peratures climbing up to the present record (Chapter 3).

The most striking feature, common to all the high temperature cuprate super-
conductors, is a layered perovskite-like structure whose building unit contains one or
more copper oxygen layer planes often just referred to by its chemical formula CuO,.
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Figure 4.1 A single CuO, plane. Each copper (Cu) atom is bound to four oxygen (O) atoms
in a square planar configuration. In the layer-like structure of cuprates superconductivity and
carrier transport are mostly confined to these CuO, planes. The box with the dotted outline
defines the repeating CuO, unit. The cell dimensions are a and b. In a three dimensional tetra-
gonal crystal @ and b are equal (see Figure 4.4) but in an orthorhombic material they are not.
The CuO, layers lie in the ab-plane of the structure.

A flat CuO, plane is shown in Figure 4.1. In some compounds, these CuO, layers
are puckered. Electrical conduction and superconductivity are largely confined to
these layers, that are parallel to the ab plane. By comparison conduction in the
direction, denoted as the c-axis, at right angles to the layer planes is small; therefore,
so far as the conduction of electricity is concerned, the materials can be thought of
as being quasi-two-dimensional.

The initial discovery of high temperature superconductivity made by Bednorz
and Miiller was in barium doped lanthanum copper oxide La,CuQOy4. The crystal
structure of the pure, undoped material is shown in Figure 4.2. It is related to that of
a class of materials with the general formula K,NiF,. Materials having such
structures, made from a variety of atoms, have been quite actively studied for a long
time and found to exhibit a wide range of electrical and magnetic properties. In the
crucially important CuO, layers in La,CuO, each copper atom is strongly bonded to
four nearest neighbor oxygen atoms (labelled O,) in a square. These squares are
linked together to form the CuO, layers; the copper—oxygen distance of about 1.90A
is rather short, indicating strong covalent bonding between the atoms. The CuO,
planes have two La—O planes between them and so are spaced quite far apart at a
distance of 6.6A. This separation severely limits information exchange between one
CuO, layer and its neighbor, causing the material to have a two dimensional
character.

A crucial property of the cuprates is that they can be doped; that is, some of the
atoms in the pure form are replaced by different ones. Doping has dramatic effects
on the electrical properties of La, Ba CuO,4. The undoped (pure) compound
La,CuOQy is an insulator; the material only shows metallic behavior as a result of the
addition of excess charge. This is achieved by substitution of trivalent La>" cations
by divalent Ba?" cations, which supply only two electrons, compared with the three
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Figure 4.2 The structure of pure La,CuO,4. Small filled circles: Cu; open circles: O; circles
with vertical hatched shading: La. To show a CuO, layer which contains the superconducting
electrons, a smaller circle has been placed at the centres of the appropriate oxygen atoms (these
particular atoms are often labelled O;). Each copper atom is actually at the centre of an octa-
hedron of oxygen atoms, as shown for a few cases at the top. The copper atom is bound more
weakly to the two more distant, apical oxygen atoms (often labelled O,) that are on the top and
bottom of the octahedron. These oxygen atoms labelled O, are associated with La—O planes,
which are inserted between (or intercalated with) the CuO, layers.

donated by the lanthanum ion La>". In the jargon of semiconductor physics, the
dopant atoms act as acceptors and introduce additional “holes” into the conduction
band associated with the CuO, planes, thereby giving rise to conducting behavior and
the possibility of superconductivity. To make a superconductor requires a substantial
number of free carriers. Therefore many dopant atoms are needed to induce a
metallic-like conducting state. For La, ,Ba, CuQOy, superconductivity does not occur
until the bartum dopant concentration reaches, or exceeds, a value x of 0.06.

In many metals, electrons are the carriers of electricity but the truth of the matter
is that in most cuprates the carriers of electric current are the “holes”, which can be
thought of as positively charged spaces left behind when electrons are removed.
Conduction can be thought of as taking place by electrons hopping from one hole to
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another. Holes are formed when dopant atoms, such as Ba”", have a lower valency
than the atoms that they replace, like La>": the Ba®" ions added to the materials soak
up one electron each. It is common practice to use the term “carriers” rather than
“electrons” when describing the entities, which make up the Cooper pairs in many
cuprates. A crucial step came with the finding that there are cuprates, such as
Nd, g5Ceg.15Cu0y4_), in which the carriers are electrons in the usual sense, which
nevertheless are superconductors. This shows that the high temperature
superconductivity in most of the other cuprates does not simply arise from hole-like
behavior of the conducting electrons as many once thought. Nevertheless, there are
far more high temperature superconducting cuprates, which have “holes” rather than
“electrons” as carriers.

Preparation of YBCO

The frenetic search for superconducting cuprates with a high transition temperatures
quickly led to the discovery of YBCO with a transition temperature of around 93K
by Chu and colleagues at Houston (see Chapter 3). Considerable attention has been
focused on YBCO because it is the first superconductor to be discovered which can
be used in liquid nitrogen (boiling point 77K). The economic advantage of this can
be seen by noting that the difference in price between liquid nitrogen and liquid
helium is similar to that between a modest beer and a good malt whisky. On top of
this, a helium system is inherently complex and prone to breaking down: a
technology based on liquid nitrogen as a refrigerant is enormously attractive and is
now in place.

YBCO remains the best known and most widely used of the high temperature
superconductors. One reason for its popularity is that it is possible to make a
polycrystalline sample of this material by a reasonably straightforward and
non-hazardous process: even carried out in high schools. It is a unique experience
that recent research, based on Nobel Prize winning work, can be replicated by school
children! It does much for the popularization of science that the levitation produced
by a superconductor on a small magnet, as shown in Figure 2.5, can so easily be
demonstrated to a general audience such as children or members of the Women’s
Institute. Personal experience has shown that both these groups of people make
appreciative, lively and to say nothing of questioning audiences at lecture
demonstrations that include high temperature superconductivity.

To make YBCO (i.e. YBa,Cu30~_,), the procedure usually followed is first to
mix together the right proportions by weight of the oxides Y,03, BaO and CuO to
achieve the required atomic ratio Y;:Ba,:Cus: one atom of yttrium to two of bartum
to three of copper: i.e. 123. In practice, because the oxides of the alkaline earth
metals such as barium can be unstable in air, the more stable carbonates are
frequently used instead as starting materials. Mixing is normally carried out using a
ball-mill but a pestle and mortar will do. The mixture of components is reacted at a
temperature of between 800 to 850°C for a period of ten hours. This process
(technically called calcining) may be repeated several times so as to obtain the
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BaY,0,
211 Y,Cu,O5
Ba4Y2O7
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BaO Ba,CuO; BaCuO, CuO

Figure 4.3 The phases that can be made starting from barium oxide BaO, copper oxide CuO
and yttrium oxide Y,O5 are shown on this pseudoternary phase diagram, which has been
prepared at a temperature of 950°C in air at which the phases are stable. To keep the numbers
of cations consistent, Y is needed rather than Y,; therefore YO, 5 is shown rather than Y,03
on one of the three apices. The important high temperature superconductor YBa,Cu;05_, is
labelled as 123. The green phase is shown as 211. The phase diagram shown here is taken from
the review article by Beyers and Ahn from the 1.B.M. laboratories at San Jose and was
compiled using several sources.

optimum cation stoichiometry (that is the required atom ratio 123) and improve the
superconducting properties. For demonstrations of the Meissner effect, the
superconductor is best made in the form of a disc. To make such a pellet, the YBCO
powder is put into a die and compressed, using a simple hydraulic press, to a pressure
of'a few kilobars. The pellets are then given a further heat treatment at a temperature
of about 850°C for a day to homogenize them. The superconducting behavior of
YBa,Cu;0-_, is extremely sensitive to the oxygen content (this will be discussed
later and is shown in Figure 4.6): a requirement for a high critical temperature is that
the oxygen content is close to O7, which is the fully oxygenated state with x equal to
zero. So the pellets are given an “oxygen soak”, that is they are maintained at a
temperature of around 430°C for twenty-four hours in air or oxygen, a treatment that
results in a material of composition close to the desired O value.

Metallurgists and materials scientists usually represent the range of temperature
and composition over which compounds or alloys are stable on a phase diagram.
Construction of such a diagram is the usual starting point for scientists making and
studying new materials, especially in systems complicated by a number of different
phases. This is a useful step here because several stable compounds can be made
beginning from BaO, CuO and Y,03. To construct a ternary phase diagram (Figure
4.3), these starting oxides are placed at the corners of an equilateral triangle.
Compositions of mixtures of two of these oxides are then plotted along each edge of
the triangle. As an example, consider the base line, which shows the composition of
mixtures of BaO and CuO. As the composition is varied along this base line, two
stable compounds, Ba,CuO5; and BaCuO,, are found to exist. These compounds are
plotted in their proper places on the composition line, illustrating the purpose of the
diagram. Similarly a stable oxide Y,BaCuOj (labelled 211), containing all three
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Figure 4.4 The tetragonal structure in this case with the ¢ axis longer than the a or b axes,
which are equal in length. The sides are mutually at right angles to each other.

cations, appears on the composition line joining YO, 5 and BaCuO,. Following the
discovery that a material in this system was superconducting, it was necessary to
determine which of several stable phases is the one responsible. Initially, it was
believed that a green colored phase, now known to have the composition Y,BaCuOs,
was the one giving rise to superconductivity. However, it was soon appreciated that
this was not in fact the case and that the actual phase responsible for superconductiv-
ity 1s a black one and orthorhombic in structure with a composition YBa,Cu;05_,.
The position of this now intensively studied compound YBCO is marked on the
diagram as 123.

Many of the observed properties of YBCO depend upon its microstructure.
Rigorous control of manufacturing and processing is essential to produce either
“single crystals”, generally necessary for basic investigations, or thin films, tapes,
wires and polycrystalline materials, required for commercial applications. Large
single crystals of YBCO, and other high temperature superconductors, are still
extremely difficult to produce. Most of the single crystals that have been grown
are small, thin platelets. Nevertheless, initial difficulties in producing YBCO in
ceramic form were soon overcome; well-tried recipes exist (like that described
above) and it is now a straightforward process to produce polycrystalline samples.
These find many uses.

Structure of YBCO

Most high temperature superconductors have a tetragonal or orthorhombic structure.
The tetragonal structure, shown in Figure 4.4, can be thought of in the following
way. First consider a cube: each side has the same length (a=5=c). Now to make a
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tetragonal structure, take this cube and stretch it (or squash it) in the direction of one
of its sides, keeping a square cross-section perpendicular to the direction of the pull.
As a result of this procedure, the direction of pull becomes a unique axis (having a
length ¢) of fourfold rotation, which is different in length from the two untouched
sides (a and b) of the square (hence a = b # ¢). A number of superconducting cuprates
have an orthorhombic structure which has another small distortion so that side @ no
longer equals side b but a, b and c are still at right angles to each other. That is they
have the symmetry shown by a paperback book: three sides of unequal length, each
at right angles to the other two (a#b#c).

The structure of the orthorhombic, superconducting phase of YBCO is shown
in Figure 4.5. The atomic arrangements and interatomic distances, as determined by
x-ray diffraction techniques, show that the structure is related to that of the
perovskites ABX5 (Figure 2.1). It seems natural to place the larger Y3* and Ba®* ions
on the A sites, which triples the height of the unit cell, and the smaller Cu ions on the
B sites. The tripling of the perovskite unit cell results from arrangement of the Y3
and Ba”" jons such that the top and bottom cells of the stack contain Ba”" ions while
the middle cell contains the Y>" ions, as can be seen from Figure 4.5. The arrange-
ment of the oxygen atoms is less easy to determine. There are three anions X per unit
cell in the ideal perovskite structure; so in an ideal tripled perovskite unit cell there
would be nine oxygen sites available. The fundamental law is that a crystal must have
charge neutrality, that is the number of positive and negative charges must balance:
seven oxygen ions are needed. YBa,Cu;O5 can be thought of as being oxygen
deficient relative to the ideal perovskite structure, which would require an oxygen
composition of Oy.

How are these oxygen ions arranged? X-ray diffraction experiments show that
the yttrium ions are surrounded by only eight oxygen ions rather than the twelve,
which would be expected for an ideal perovskite (Figure 3.1). In addition, further
oxygen deficiency is observed in the basal planes between the barium ions. However
x-ray diffraction studies are not sensitive enough to allow determination of the
absolute positions of all the oxygen ions. This is because oxygen is a light atom and
scatters x-rays much less strongly than either barium or yttrium. The information
required to produce a much clearer picture emerges from neutron scattering studies
since neutrons are scattered more effectively by oxygen atoms than are x-rays.
Neutron diffraction investigations show that in the basal plane between the barium
atoms, one of the oxygen atoms in the cell edge is occupied while the other is not.
The cell with the occupied oxygen site (along the b axis of the structure shown in
Figure 4.5) is lengthened relative to the cell edge with the vacant site (along the a
axis); this produces the orthorhombic structure with b greater than a, although a and
b differ by less than 2%.

An important crystallographic feature of YBCO and the other high temperature
superconductors is that they are layer-like compounds. As found for La, ,Ba CuQy,
superconductivity is almost entirely confined within nearly two-dimensional CuO,
layers. In the case of YBCO there are two adjacent CuO, planes only 3.2A apart
separated by yttrium atoms, which lie parallel to each other and are stacked perpen-
dicular to the c-axis (Figure 4.5). We shall see shortly that this means that YBCO is
an n=2 compound. Each pair of CuO, planes is separated (by planes of other ions)
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Figure 4.5 Crystal structure of the particularly well known and useful high temperature
superconductor YBa,Cu305_,. Small filled circles: Cu; small open circles: O; large shaded
circles: Y; shaded triangles: Ba. Superconductivity is almost entirely restricted to the CuO,
conduction layers, which are puckered.

by the long distance of about 8.2A from the next pair. The occurrence of super-
conductivity stems from the fact that each copper ion in the basal CuO, layer of the
structure is at the center of a square configuration of oxygen ions (Figure 4.1),
although the CuO, layers are puckered, as can be seen in Figure 4.5. Immediately
following the discovery of YBCO, there was a great deal of discussion of the fact
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Figure 4.6 An important feature of YBa,Cu;0,_, is that its superconducting transition
temperature depends on its oxygen concentration shown here as (7—x). In this case x ranges
between 1.0 and 0 reading from left to right on the abscissa. The superconducting transition
temperature 7, shown by open circles was determined as that at which the electrical resistance
reached zero; that denoted by filled circles refers to the onset of diamagnetism. (After Beyers
and Shaw (1989).)

that there are also linear chains of copper and oxygen ions along the b axis of the
structure and whether they played a role in superconductivity. However the other
cuprates with different structures do not have chains but do exhibit superconductiv-
ity. Therefore, the chains are not now considered to have quite the importance once
ascribed to them.

The regions between the CuO, conduction layers contain both barium and
copper ions co-ordinated to additional oxygen atoms; they act as charge reservoir
layers. It appears that copper plays two roles. Two copper atoms per unit cell lie in
the conduction layer i.e. the CuO, planes and are involved in the superconductivity.
A third copper atom lies in the linear chains of the charge reservoir layers, which
control the amount of charge on the CuO, planes and hence provide carriers for
electrical conduction and superconductivity.

The oxygen content in YBa,Cu30_, can vary over the range between O 5 and
O5. At the lower limit (Og s), the crystal structure is tetragonal; this form of
YBa,Cu;0g 5 does not go superconducting. To create a superconductor, more oxygen
than Og 5 1s needed. The superconducting form has a composition corresponding to
YBa,Cu;05_,, where x is less than 0.5 (so that the compound contains more oxygen
than designated by Og 5). The upper limit is O; giving YBa,Cu30-, which has an
orthorhombic structure. The exact oxygen content, structure and properties of YBCO
depend markedly on the method of preparation. On cooling during its manufacture,
it undergoes a second order phase transition at around 700°C to produce a low tem-
perature orthorhombic phase, the superconducting one. The oxygen sites associated
with this form are those in the linear chains. There have been extensive investigations
into how the critical temperature 7, varies with the oxygen concentration. It has been
found that 7, does not vary monotonically with concentration (Figure 4.6). The
maximum value is about 93K for a fully oxygenated samples (O) and this T is
retained reasonably well down to around Ogg. Between Og4 5 and Og 5 there is a
“plateau” with 7, about 60K. Below this concentration, 7;, drops rapidly and the
material becomes an insulator at Og 4. In a series of elegant experiments using neutron
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powder diffraction techniques, Robert Cava and his group, at AT&T Bell Labora-
tories, have been able to measure all the Cu—O distances in YBCO as a function of
the oxygen loss x from the Cu—O chains. They have correlated changes in the bond
length with the valence state of the copper in the CuO, planes and observed that it
mirrors the changes observed in 7.

Following the realization of the importance of YBCO, the search was on for
closely related compounds. Chu and his colleagues made a further important
contribution when they showed that the rare earth element yttrium is not an essential
constituent of the new superconductor. When yttrium was substituted by rare earth
elements such as lanthanum (La), neodymium (Nd), samarium (Sm), europium (Eu),
gadolinium (Gd), holmium (Ho), erbium (Er), and lutecium (Lu), a whole range of
superconductors was found which had the same crystal structure as YBCO. The fact
that the gadolinium compound is also superconducting was especially interesting
because the presence of this strongly magnetic element normally destroys super-
conductivity.

More Layer-like Cuprate Superconductors

The unique structural feature that the cuprate superconductors contain CuO, layer
planes was recognized at an early stage and became a guiding principle for the search
for similar materials to YBCO. An important step was the discovery by the French
group led by Bernard Raveau at Caen of superconductivity at 20K in Bi,Sr,CuOg.
At first this did not evoke such an immediate response as that generated by YBCO.
Yet this modest beginning led to the first 100K superconductors. Bi,Sr,CuOg (often
labelled by the acronym Bi2201) can be thought of as the first of a series of
Bi,Sr,Ca,,_{Cu,0,,,+4 compounds with »n equal to 1. These materials are known
familiarly by the acronym BSCCO. The bismuth compounds have layered
structures in which CuO, layers, typical of all the high temperature superconductors,
are spaced by alkaline earth cations, and interleaved with Bi,0O, layers (Figure 4.7).
The next compound in this series has » equal to 2 so that its formula is
Bi,Sr,CaCu,0g. This compound, referred to as Bi2212, has a T, of 85K. The next
one, Bi,Sr,Ca,Cus0,, (Bi2223) in the series, has n equal to 3 and this layer
compound has an even higher 7, of 110K. A trend is clear: the larger n, the higher
T,. But what is the effect on the structure of the key parameter »? It determines the
number of immediately adjacent CuO, planes in which the superconductivity takes
place. A value of unity for » results in the compound with single CuO, planes:
Bi,Sr,CuQg. Pairs of adjacent CuO, planes are found in compounds having » equal
to two, as in B1,Sr,CaCu,0Og (and also YBa,Cu30-_,). When # is three, the CuO,
planes occur in sets of three: Bi,Sr,Ca,Cu;0;y. The n CuO, planes are always
perpendicular to the ¢ axis: they are parallel to the a—b plane. Figure 4.7 shows the
structure of Bi,Sr,CaCu,Og (i.e. Bi2212) taken from a review article by the French
group at Caen led by Bernard Raveau. It can be seen that Bi2212 has two adjacent
parallel planar Bi—O sheets. Between each of the pairs are the perovskite-like multi-
layers. These consist of two copper—oxygen sheets in the form of CuO pyramids
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Figure 4.7 The crystal structure of Bi,CaSr,Cu,0g (commonly called Bi2212) is layer-like
and includes CuO, planes (Figure 4.1) like those of many other high temperature super-
conductors. (After Bordet e al. (1989).)

separated on the base sides by calcium ions. There are no CuO chains; depletion of
oxygen leading to insulating behavior is not the problem that it is in YBCO. This can
be an important advantage of the bismuth containing compounds over YBCO for
technological applications.

Another reason why BSCCO superconductors can be more attractive than
YBCO for large scale technological applications is the presence of the weakly
bonded, double BiO layer that separates the CuO, planes in which superconductivity
takes place. These weakly bonded BiO layers give rise to “micaceous” or clay-like
mechanical properties. The differences in interlayer bonding between BSCCO and
YBCO can literally be felt when one tries to grind the ceramics using a mortar and
pestle. Because of the extra weakly bonded Bi—O layers, BSCCO has a “greasy”
graphite-like feel to it. By contrast YBCO feels very granular and is rather like sand
to grind. This property of BSCCO is an asset in wire making since it tends to produce
self-alignment of the grains, assisting a higher current density. A disadvantage of the
BiO layers is that they tend to decouple neighboring CuO, planes and hence make
the BSCCO superconductors strongly two-dimensional.

BSCCO superconductors hold out a great deal of promise for technological de-
velopment. Quite often some of the bismuth is replaced by lead. This has little effect
on the superconducting behavior while helping to stabilize the material. Bi2223 in
which some of the bismuth has been replaced by lead is considerably easier to make
than when lead is absent.

In general the critical temperature 7, increases through a cuprate series, if the
number of neighboring CuO, layers is increased from one to two to three. Once this
way to proceed in the race towards higher 7, became apparent, many workers
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attempted to add to or devise new series — with much success. Most of the high tem-
perature cuprate superconductors are now known to fall into such families (Table
4.1). The spacing metal ions include lanthanum (La), barium (Ba), bismuth (Bi),
thallium (TI) or mercury (Hg). The search for other CuO, layer plane cuprates led to
the discovery of systems of Tl-Ba—Ca—Cu—O superconducting materials. A severe
drawback is that thallium 1s an extremely toxic element. Compounds in this series

Table 4.1 A list of some well known high temperature superconductors. The ideal chemical
formula is given together with the superconducting transition temperature 7;.. The parameter »
refers to the number of immediately adjacent CuO, planes. Some other notations that frequent-
ly appear in the literature are also given in columns 4 and 5.

Formula T, (K) n Notations
(Lay_,Sr,)CuOy 38 1 La(n=1) 214
(Lay_,Sr,)CaCu,Og 60 2 La(n=2) ---
T1,Ba,CuOg 0-80 1 2-Tl (n=1) T12201
T1,Ba,CaCu,Og 108 2 2-Tl (n=2) T12212
T1,Ba,Ca,Cuz0, 125 3 2-Tl (n=13) T12223
Bi,Sr,CuOg 0-20 1 2-Bi(n=1) Bi2201
B1,Sr,CaCu,0g4 85 2 2-Bi (n=2) Bi2212
BizSI‘2C&2CU30lO 110 3 2-Bi (}’l = 3) Bi2223
YBa,Cus0, 92 2 Y123 YBCO
YBa,CuyOg 80 2 Y24 -
Y2B34CU7014 40 2 Y247 0 -
TIBa,CuOs4 0-50 1 I-Tl (n=1) T11201
TIBa,CaCu,0, 80 2 1-Tl (n=2) T11212
TIBa,Ca,Cu;0q9 110 3 1-Tl (n=13) T11223
TIBa,CazCuyO1qy 122 4 1-Tl (n=4) T11234
HgBa,CuOy 5 94 1 1-Hg (n=1) Hgl1201
HgBa,CaCu,Og. 5 127 2 1-Hg (n=2) Hgl212
HgBa,Ca,Cu;0g 5 133 3 1-Hg (n=3) Hgl1223

with n equal to 1, 2 and 3 are now quite well studied. Materials with higher values of
n are known but they are quite difficult to synthesize and are poorly characterized.
The critical temperature 7, rises as » increases up to 3, but then starts to decrease. In
the thallium series, as for the bismuth series, when CuO, layers are placed adjacent
to each other there is a tendency for the interaction, which produces super-
conductivity to strengthen. But there seems to be a limit to the increase of 7, induced
by increasing ».

The next landmark in the field of high temperature superconductivity occurred
with the synthesis of mercury-based high 7. cuprates in 1993. The materials
belonging to this family exhibit superconductivity at the highest temperature known
to date. The critical temperatures for some members of the mercury family are listed
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in Table 4.1; again T increases with n. Strikingly even for » equal to unity, 7, is as
high as 94K; comparative values are much lower for the bismuth and thallium »=1
compounds. The record 7, at ambient pressure at the time of writing is 133K found
for HgBa,Ca,Cu30g. 5, denoted by Hg1223; it can be raised even further to above
150K by the application of external pressure. It is therefore not surprising that no
sooner than these mercury cuprates were discovered than they became the focus of
an intense study of physicists, chemists, and materials engineers.

The effort to find other CuO, layer series goes on in many laboratories. As these
materials become more complex, it becomes increasingly difficult to make them and
to optimize their superconducting properties. More than 50 superconducting cuprates
have now been discovered. All are layer-like materials sharing the common structural
feature of lightly doped CuO, planes.
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5 A Diversion: Quantum
Mechanics, Atoms and
the Free Electron
Theory of Metals

Up until now, our discussion has been centered on the discovery and basic properties
of conventional and high temperature superconductors. One of our aims is to give a
simplified account of current understanding of the mechanisms giving rise to super-
conductivity; however, by its very nature this has to be rather theoretical in content.
To set up an explanation for the origins of superconductivity, it is necessary to digress
and provide some essential background material on quantum mechanics and explain
how it has completely transformed our understanding of the behavior of electrons in
atoms and normal metals. This is the purpose of the present chapter, which is there-
fore a diversion from the main theme. Many of the ideas described originated during
the first thirty years of the twentieth century, one of the most exciting and important
eras in the history of physics. The innovations and discoveries made during that time
mark the transition from classical to modern physics.

The Quantum Mechanical Behavior of Atoms

The concept of the atom as the building block of matter and speculations as to its
nature have fascinated scientists and philosophers since the time of the ancient
Greeks. However, only during the last hundred years has real progress been made in
determining how atoms are put together. Throughout the history of the modern
development of atomic theory, great importance has been attached to experimental
spectroscopic data and their representation by accurate numerical formulae. Spectral
lines are nature’s visual signature of the behavior of electrons in atoms. It was the
two eminent nineteenth century German scientists Robert Bunsen and Gustav
Kirchhoff, working in Heidelberg, who in 1859—60 established the principles of
spectral analysis. In particular they showed that each element has a characteristic set
of wavelengths at which it can absorb or emit radiation. Their work led them to
discover the elements caesium and rubidium and also gave rise to considerable,
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although not very fruitful, efforts to explain how the spectral wavelengths could be
related to the properties of atoms and molecules.

An important breakthrough was made in 1885 by Johannes Balmer, a geometry
teacher at a girl’s secondary school at Basle in Switzerland. He showed that the
wavelengths of the lines of the emission spectrum of the hydrogen atom, which had
previously been measured by the Swedish scientist Anders Angstrom, are related by
a simple formula involving the difference between the reciprocals of the square of
two numbers. Nearly thirty years later, the significance of Balmer’s formula was
recognized by the Danish physicist Niels Bohr.

Bohr constructed an ingenious theory of the atom based on a mixture of classical
and quantum physics. Much of the groundwork for his theory was carried out while
Bohr was at the Physical Laboratories of the University of Manchester in the period
1912—13 during which time the director of the laboratory was Ernest Rutherford.
Bohr and Rutherford were close friends and engaged in lively discussions of physics
with each other, although they never published a joint paper. Bohr believed firmly in
the nuclear atom proposed by Rutherford and appreciated that this model had
profound implications. According to classical physics, Rutherford’s atom would be
mechanically unstable because the electrons orbiting around the nucleus should
radiate energy and quickly spiral round and crash into the nucleus. At first, Bohr was
interested in understanding the stability of atoms and the arrangement of the electrons
within atoms, which gives rise to the Periodic Table of the elements. He believed that
understanding spectral lines was too difficult a problem to solve, although in fact that
turned out to be the way to advance. By early 1913, Bohr was having considerable
problems with his theoretical ideas and was making little progress. But around this
time a colleague at Copenhagen, Hans Hansen, who was a skilled spectroscopist,
drew Bohr’s attention to the simple relationship for spectral lines in hydrogen that
had been discovered years earlier by Balmer. For Bohr, this was a revelation and he
spent the next few months in frantic activity, which culminated in his paper “On the
Constitution of Atoms and Molecules”. That is the first of his trilogy of seminal
papers, all published in 1913, containing his model of the atom and explanation of
the spectral lines of hydrogen, and is best remembered today.

In Bohr’s theory of the atom, the electrons follow orbits around the nucleus in
accord with Newtonian mechanics in a similar way to the motion of planets around
the sun. However, of all the possible orbits, only a restricted few are allowed (Figure
5.1); these are called stationary states. Furthermore, the electron does not radiate
energy while orbiting in one of these stationary states. Although the motion in the
orbit is described by classical theory, the transition from one orbit to another,
resulting in the emission or absorption of radiation, occurs in “quantum jumps”,
which cannot be understood in classical terms. The frequency v of the spectral line
is given by the famous quantum formula of Max Planck:

E2 - El = hv.
Here h is Planck’s constant (4 = 6.63x1073% Joule seconds). E, and E; are two

energy levels with E, being greater than £ and the equation is concerned with their
difference, which is the energy involved when an electron jumps from one level to
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Photon_

Figure 5.1 The model used by Bohr to interpret the spectrum of the hydrogen atom. Each
circle represents an electron state; the larger the radius, the higher the energy E of an electron
in the state. When an electron falls down into a lower state, a packet of light (a photon) of
specific energy is emitted. The three lowest energy states are shown, each orbit being
designated by a principal quantum number » equal to 1, 2, 3 etc.

the other. An electron in the upper, excited state of energy E, falls back into a lower
energy level £ and the energy it loses is given out as a packet of light, as illustrated
in Figure 5.1. This energy released gives a spectral line with a definite frequency.
Although Bohr had been unaware of Balmer’s equation for the spectral lines, as soon
as Hansen pointed it out to him, he appreciated that it followed from his concept of
an electron changing its state between two quantum orbits and was in excellent
agreement with his theory. Bohr fully realized the radical departure, which his
introduction of quantization of energy into the theory of the atom was making from
accepted ideas in classical physics, something that Planck, who had first introduced
the idea of quantized energy in 1900, had been unable to countenance.

More Sophisticated Ideas Are Needed

By the 1920s it had become clear that Bohr’s theory was running into serious
difficulties: it could only account for a very simple spectrum like that of hydrogen.
However, during this decade, several revolutionary ideas in quantum theory were put
forward which transformed completely the understanding of the nature of atoms.
These ideas centered round Niels Bohr and a stream of exceptionally gifted physicists
who visited his Institute for Theoretical Physics in Copenhagen. One of the first of
these visitors was Werner Heisenberg who for a while held a lectureship in theoretic-
al physics at Bohr’s Institute. Heisenberg argued that the drawback in the Bohr theory
was that it was constructed in terms of the position, orbit and velocity of an electron
moving around the nucleus and that none of these parameters was observable. He
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Figure 5.2 In an extension of the Bohr model of the atom the allowed electron orbits are
those which fit exactly an integral number of de Broglie wavelengths around the circular orbit.
Here the solid closed orbit shows such a standing wave for the » equal to 6 level so that 6
complete wavelengths fit exactly round the orbit. The dotted open orbit does not satisfy the
Bohr conditions and so is not an allowed state for an electron.

suggested that it would be better to construct a theory in terms of observable quan-
tities such as the frequencies, intensities and polarizations of the radiation emitted by
the atoms. Heisenberg developed a theory based on this approach, the details of which
he worked out in collaboration with Max Born and Pascual Jordan from Goéttingen.
It quickly became apparent that the rules, which Heisenberg had introduced for
combining the different transition amplitudes in the atom, were the same as the rules
of matrix multiplication, well known to mathematicians. Matrix mechanics, as
Heisenberg’s approach became known, proved to be highly successful and provided
valuable insight into understanding light spectra produced by excited atoms.
Around this time, a young Frenchman Louis de Broglie put forward a highly
novel unification of matter and waves. In his doctoral thesis, submitted in 1924, he
advanced the original idea that the same dualism of wave and particle shown by light
might also be true for matter. Just as the light quantum or photon has a light wave
associated with it, giving rise to interference and diffraction effects, so de Broglie
suggested that a material particle might also have a corresponding matter wave. In
addition, the matter wave could be expected to obey similar mathematical equations;
hence he postulated that the wavelength A of the matter wave could be related to the
particle momentum p by putting wavelength A equal to Planck’s constant / divided
by momentum: A is equal to 4/p. Although at the time many physicists were sceptical
about de Broglie’s ideas, no other doctoral thesis has ever had such a dramatic impact
on our understanding of the physical behavior of the world. It soon became clear that
matter waves were of great importance in understanding the nature of the atom. De
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Broglie was a connoisseur of chamber music and this led him to visualize the atom
as a musical instrument that could emit a basic tone and a sequence of overtones. An
important result stemming from his ideas was that he could readily obtain the
quantization rules of Bohr, which until then had seemed completely arbitrary, by
requiring that an integer number of waves should be fitted around a stationary orbit
as shown in Figure 5.2. Within a short while of de Broglie’s suggestion of the
existence of matter waves, Clinton Davisson and Lester Germer in the United States
and George Paget Thomson in Britain independently provided an experimental
verification that electrons do indeed have a wave nature. They observed diffraction
effects caused by the passage of electrons through metals and were able to establish
that moving electrons have associated waves with a wavelength A given by 4/p, that
is Planck’s constant divided by their momentum, as de Broglie had predicted.
Nowadays, the technique of electron diffraction, which utilizes the wave nature of
matter, has developed into a powerful research tool in the form of the electron
microscope. George Thomson was the son of J.J. Thomson and so “J.J.” discovered
the electron while “G.P.” demonstrated its wave properties, both obtaining Nobel
Prizes in physics as a result in 1906 and 1937 respectively.

Although de Broglie had put forward the idea of matter waves, he did not devel-
op his concept into a strict mathematical theory. This groundbreaking step was made
in 1926 by the Austrian-born physicist, Erwin Schrédinger, who wrote a general
equation for de Broglie waves and then proved its validity for various kinds of
electron motion. At the time Schrédinger was in charge of theoretical physics at the
University of Zurich. Close by was the prestigious Swiss Federal Institute of Tech-
nology having among its staff at the time such luminaries as Peter Debye, a highly
versatile scientist who obtained the 1936 Nobel Prize for chemistry for his work on
molecules, and Hermann Weyl, an eminent mathematician and philosopher. The two
institutes held joint colloquia and on one occasion Debye asked Schrodinger to give
a seminar on the matter wave hypothesis of de Broglie, which was beginning to
attract widespread attention. Schrodinger did so, but Debye was not impressed with
his elegant account of de Broglie’s work and remarked that, as a student of the great
German theoretician Arnold Sommerfeld, he had been taught that to deal properly
with waves one needs a wave equation. Apparently, this casually made remark must
have registered with Schrodinger, who shortly afterwards produced his famous wave
equation. This had an immediate impact. Schrédinger was quickly able to apply his
equation to the hydrogen atom and obtain the same energy levels as those found in
Bohr’s model of the atom. More importantly, the wave equation can also be applied
successfully in much more complex situations. Indeed, the Schrédinger equation is
arguably the most important relation in twentieth century physics since, apart from
relativistic corrections, it is considered to determine the behavior of all material
systems, including superconductivity. Paul Dirac is famously supposed to have said
that the Schrédinger equation can explain “all of chemistry and most of physics”.

In later work Schrodinger was able to show the equivalence between his wave
mechanics and the matrix mechanics of Heisenberg. It was not long before
Schrodinger’s work was heard of in Copenhagen. Bohr was very impressed with it
and quick to recognize its significance. Ever since his seminal paper of 1913, Bohr
had been struggling with how to understand quantum mechanics and this had become
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his chief preoccupation. The interpretation of quantum mechanics was a subject that
Bohr discussed frequently with Heisenberg. Bohr felt that his own concepts had been
strengthened by the development of Schrédinger’s mathematical formalism and that
from now on the quantum behavior of matter could be treated with equal validity by
either Schrodinger’s or Heisenberg’s approaches. Heisenberg did not share Bohr’s
enthusiasm for the rival approach used in Schrodinger’s work, regarding it as little
more than a useful tool for solving mathematical problems in quantum mechanics,
while Bohr believed that it provided new insight into the wave particle duality of
matter, which he considered to be central to interpreting quantum theory.

Bohr invited Schrodinger to visit Copenhagen during September 1926 to lecture
on his work in wave mechanics but also to stay on to discuss the physical inter-
pretation of quantum theory. Bohr was a friendly and humane man but tenacious and
persistent in his aims. He met Schrédinger at the train station and immediately began
his discussions. Since Schrédinger was staying at Bohr’s home there was no respite
and the intense talks began from early morning to late at night with Heisenberg also
contributing. Eventually, in exasperation, Schrodinger said: “If all this damned
quantum jumping were really here to stay, I should be sorry that I ever got involved
with quantum theory”. To this, Bohr replied: “But the rest of us are extremely grateful
that you did; your wave mechanics has contributed so much to mathematical clarity
and simplicity that it represents a gigantic advance over all previous forms of
quantum mechanics”. Shortly afterwards Schrodinger fell ill, exhausted by his efforts
over the last few months. He had to retire to bed and was nursed by the kindly Mrs
Bohr. Even so, Bohr spent a lot of time sitting at the end of his bed arguing points.

A major problem associated with the Schrodinger wave theory is that it does not
address what it is that is vibrating. It is definitely not the electron, which could be
thought of as a point particle analogous to a billiard ball, as this implies the classical
idea of a particle with spatial position and a particular velocity, both of which change
in a deterministic way from one instant to the next. Instead, the electron itself is in
some obscure sense the wave. If one considers electromagnetic waves, it is clear that
the vibrating quantities are the electric and magnetic field intensities. By contrast, for
Schrédinger’s electron waves, one can only say that the vibrational nature of matter
is taken into account by the wave function that can be determined from his equation.
At first, physicists tried to interpret the wave function in classical terms. A funda-
mental advance in understanding was made by Max Born, in 1926, when he proposed
that the absolute square of the magnitude of the wave function represents the
probability that an electron follows a particular path through space. With Born’s
interpretation, the positions and velocities of each electron are basically random, and
they have only certain probabilities of exhibiting particular values. For example, if
the amplitude of the wave is zero at some point this means that the probability of
finding the electron at that position is also zero.

It was while he was at Copenhagen that Heisenberg put forward his famous
uncertainty principle, which also has a fundamental role in the foundations of
quantum mechanics. The uncertainty principle states that there are certain pairs of
physical parameters, which cannot be measured simultaneously to an arbitrarily high
degree of accuracy. If, for instance, one tries to determine both the position x and the
momentum p of an electron at the same time, then the product (Ax- Ap) of the average
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uncertainties (or errors of measurement) of position Ax and momentum Ap must be
greater than /4/2n. The closer the position of an electron is defined, the less well
known its momentum. Again Planck’s constant # shows its deep fundamental
significance. Heisenberg regarded the uncertainty principle as central to his own
interpretation of quantum theory. He had many long and profound discussions with
Bohr over this issue. Bohr realized that both wave and particle ideas are required in
order to understand the behavior of any system on the atomic scale. Although both
are necessary, they are mutually exclusive. To account for this, Bohr introduced the
concept of complementarity: when an atomic system is observed under different
experimental conditions, it cannot be understood within the framework of a single
model. The wave model of an electron is complementary to the particle model. Bohr
realized that whenever one spoke about atomic systems, one always had to resort to
using the ideas of classical physics like wave and particle. Such terms are inadequate
when describing a system that is so far removed from the classical situation. The
principle of complementarity is central to what became known as the Copenhagen
interpretation of quantum mechanics. Although at first Bohr was sceptical about
Heisenberg’s ideas, he later regarded the uncertainty principle as the price one had
to pay when applying two concepts that are mutually exclusive to describe atomic
systems.

Another frequent visitor to Copenhagen was Wolfgang Pauli who was born in
Vienna in 1900, the son of the professor of colloidal chemistry at the University.
From an early age Pauli showed a prodigious academic talent for science and mathe-
matics, managing surreptitiously to read and understand Einstein’s theory of general
relativity during rather boring school lessons. Pauli studied theoretical physics at
Munich under Sommerfeld at whose request he wrote a substantial monograph on
relativity theory for an encyclopedia on mathematical physics. This monograph is
still regarded as a masterpiece to this day. Later, he spent a year in Copenhagen with
Bohr. In 1925, remarkable insights by Pauli led to a much better understanding of the
behavior of electrons in atoms. He was interested in the alkaline earth elements, such
as calcium, and trying to understand and formulate the rules governing the complex
series of sharp spectral lines emitted as electrons dropped down spontaneously from
a higher energy level to a lower one in atoms, as in the Bohr theory. He was able to
formulate a simple underlying concept, now recognized as one of the fundamental
ideas of physics, known as the Pauli exclusion principle. His idea was that in any
atom no two electrons can have the same set of quantum numbers; each electron state
in an atom cannot be occupied by more than one electron. This is because two
electrons cannot be in the same place at the same time. In his work on spectra, Pauli
(and others) found that it seemed necessary to introduce an additional quantum
number, which could only take two values. The interpretation of this additional
quantum number also came in 1925, when George Uhlenbeck and Sam Goudsmit
suggested that an electron can spin in one of two possible directions (the electron is
referred to colloquially as being either spin up or spin down).

The introduction of the two fundamental concepts of the exclusion principle and
electron spin led to an understanding of how electrons in atoms are arranged in a
series of shells of increasing energy because each orbit is restricted to a maximum of
two electrons (one spin up and the other spin down). This ladder of shells neatly
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accounts for the periodic table of elements, and in addition, the valence states of the
elements and hence their chemistry. For several years prior to the work of Pauli, Bohr
and his colleagues at Copenhagen had struggled to understand the periodic table.
They had achieved quite a measure of success as can be seen by the discovery of
element number 72, which Bohr predicted would have properties similar to the
element zirconium (Zr) rather than being a rare earth element as was widely thought
at that time. Analysis of zirconium rich minerals by Dirk Coster and George de
Hevesy did indeed lead to the discovery of element number 72 in Bohr’s own
laboratory in Copenhagen. The new element was called hatnium (Hf), after the Latin
name for Copenhagen, and Bohr announced its discovery at the end of his Nobel
prize lecture in 1921. Nevertheless, the work of Pauli placed Bohr’s speculative ideas
on a much firmer theoretical footing. Elements fall into their positions in the periodic
table because of the arrangement of electrons in their atomic shells as determined by
the Bohr theory.

The wave nature of electrons, the Pauli exclusion principle and the operation of
the uncertainty principle are all essential concepts for an understanding of super-
conductivity, which is a purely quantum cooperative effect of electrons acting in
concert.

Cooperative Effects: Magnetism, Spin and Superconductivity

In addition to his work on the foundations and philosophy of quantum mechanics,
Heisenberg, one of the most versatile of physicists, extended his ideas to evolve a
basic understanding of ferromagnetism. Magnetism, like superconductivity, arises
from cooperative effects of electrons. The phenomenon has been recognized as far
back as the ancient Greeks, who used the lodestone as a primitive compass. Every-
body is aware of the powerful magnetic effect of iron in attracting objects like nails.
Iron is a common example of a ferromagnetic material along with the other elements
cobalt and nickel.

Magnetism exists in a variety of different forms. In Chapter 2, we discussed the
work of Faraday, who was able to distinguish between two forms of weak magnetism,
namely paramagnetism and diamagnetism depending on whether the material was
attracted or repelled by a strong magnetic field. A type [ superconductor is an example
of a perfect diamagnet, since all the magnetic flux is suddenly expelled at the super-
conducting transition. Ferromagnetism and superconductivity are sworn enemies in
that the former will always try to destroy the latter. However, recently, some
ingenious work has shown that it is possible for the two cooperative properties to
coexist in certain exotic materials.

Ferromagnets possess a spontaneous magnetization; that is a magnetization
even in the absence of an applied magnetic field. It is a cooperative effect in which
all the spins on adjacent atoms line up parallel to each other as illustrated in Figure
5.3(a). By contrast, in antiferromagnets, which show another type of magnetic state,
the spins line up cooperatively antiparallel to one another as illustrated in Figure
5.3(b). This antiparallel alignment takes place below a characteristic temperature Ty
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Figure 5.3 Ordered arrangement of spins on the ions in (a) a ferromagnetic material — all the
spins are parallel and (b) an antiferromagnetic material — adjacent spins are antiparallel.

generally referred to as the Néel temperature after the distinguished French physicist
Louis Néel who pioneered studies of antiferromagnetism and other forms of mag-
netism for which he shared the Nobel prize for physics in 1970. The parent materials
of most of the high temperature superconducting cuprates are antiferromagnets, a
feature that has important consequences (see Chapter 11).

Bosons and Fermions

Superconductivity is a property of metallic materials; to understand it further, we
need to know how electrons behave in metals. It was in an effort to understand how
electrons carry a current in metals that Kamerlingh Onnes himself had made his
experiments on the electrical resistance of mercury at low temperature (after
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previously investigating gold and platinum) and discovered superconductivity
(Chapter 1). His work was prompted by conflicting theories of electrical resistance,
which he believed careful measurements at low temperatures would resolve.

In 1897, J.J. Thomson had discovered the electron. Remarkably enough by 1900
— only three years later — understanding of the behavior of electrons in metals began
with an idea proposed by the German physicist Paul Karl Drude that a metal can be
pictured as a box containing a “gas” of freely circulating electrons. The neutral atoms
donate electrons to the conducting electron gas and become positive ions. This “free
electron” model, further developed by the Dutch physicist Hendrik Lorentz, proved
to be very successful in explaining many properties of metals. Most importantly, it
accounted for the conduction of electricity by means of the movement of the valence
electrons (as distinct from the electrons of the filled shells of the ion cores of the
atoms in the metal). It also showed that these conduction electrons are involved in
the conduction of heat. However, some of the predictions of the model were not at
all accurate. In particular, the specific heat of the electron gas (relating to the amount
of energy required to raise the temperature of the gas by a given amount) was
predicted to be many times larger than that observed experimentally. Where the
theory went wrong is that it assumed that it was necessary to heat all the electrons in
the electron gas. The reason for the failure of this assumption did not emerge until
the development of quantum ideas a generation later.

In 1926, the modest and apolitical Italian Enrico Fermi and the Englishman Paul
Dirac, two of the originators of nuclear physics, working independently, applied the
Pauli exclusion principle to an “electron gas”, which can be thought of as a large
number of isolated electrons each with a spin of either +1/2 or — 1/2. They derived
what is known as the Fermi—Dirac statistics and introduced the concept of a Fermi
temperature 7 below which the behavior of the “electron gas” is quite different from
that which would be expected from classical particles. The statistics derived by Fermi
and Dirac are quantum statistics and applicable to particles with spins of 1/2, 3/3,
5/2 ... etc. Particles, such as electrons, which obey Fermi—Dirac statistics are known
as fermions. A very different quantum statistics is applicable to particles with a spin
of 0, 1, 2, 3... and so on. This second class of particle behavior, pertaining to light
and heat and later appreciated to have an important bearing on superconductivity, was
first investigated by the Indian physicist Satyendra Bose and extended by Albert
Einstein; hence the statistics that such particles obey is known as Bose—FEinstein.
Particles obeying these Bose—Einstein statistics are called bosons and obey very
different laws from fermions. With bosons, the Pauli exclusion principle does not
apply: any number of bosons can occupy a particular energy state (that is, they can
have precisely the same set of quantum numbers that denote that state). The rules
about the different ways in which fermions and bosons occupy energy states and the
arrangement of the two kinds of particles induced by them are illustrated in Figure
5.4. They cause the behavior of the two types of quantum entities fermions and
bosons to be very different: differences which lie at the heart of the nature of the uni-
verse. It is possible at low temperatures for an appreciable fraction of a collection of
bosons to be in exactly the same energy state; such an ensemble is known as the
“Bose—Einstein condensate”. The best-known examples of bosons include the
quantized particles of light called photons, superconducting electrons and the
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Figure 5.4 Bosons and fermions obey different laws which determine how they arrange
themselves in quantum states at any temperature. Any number of bosons (such as photons or
phonons) can occupy the same quantum state, so that at low temperature most tend to go into
the ground state (as seen in the top left column). By contrast, since fermions (such as electrons)
obey the Pauli exclusion principle, only one of them can occupy a given state (bottom two
columns). A spin-up electron is in a different quantum state from one with spin-down; that is
why two electrons are shown in states here. At low temperatures there is a sharp cut-oft
(bottom left column), corresponding to the Fermi level in a metal, between electrons in filled
and empty states; even at high temperature (bottom right column) most conduction electrons
remain in states below this level.
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common isotope of helium He*, which has two protons and two neutrons in its
nucleus. At very low temperatures, below 2.18K, atoms in liquid helium collect
together in a Bose—Einstein condensate and show the remarkable property known as
superfluidity, which is a frictionless motion of atoms with striking parallels to super-
conductivity. It will be shown in the next chapter that this condensation can be useful
in hand-waving arguments to explain superconductivity (Cooper pairs behave as
bosons).

There is a colorful analogy for the difference between fermions and bosons at
low temperatures. If one considers a railway train with many individual carriages,
then people from the more straight-laced Nordic countries will probably sit in-
dependently one to a carriage and can be thought of as fermions. By contrast, jovial
and gregarious Latins from the Mediterranean region will all crowd into one carriage
and can be thought of as bosons — particles of heat and light!

The Free Electron Theory of Metals

Once quantum mechanics, Pauli’s exclusion principle and, most significantly, the
Fermi—Dirac statistics had been developed, the way was opened to a realistic theory
of metals. However, that entry was not immediately taken. Ralph Fowler,
Rutherford’s son-in-law and Dirac’s doctoral supervisor, who had first appreciated
the implications of the Fermi—Dirac statistics for astrophysics, but not for metals,
wryly commented later, “I had the theory of electrons in metals right under my nose
but I couldn’t see it was there. I kick myself whenever I think of it”. It was not until
1928 that Sommerfeld realized that the behavior of electrons in metals could be
understood by using the Fermi—Dirac statistics to take account of the sequential
manner in which electrons occupied the available energy levels. In the free electron
gas model of a normal metal, the valence electrons are assumed to be free to move
throughout the whole crystal, while the inner shell electrons remain localized on the
ion cores. The potential energy of the valence electrons is assumed to be constant
within the bulk of the metal, while there is a high potential barrier at the surface, and
a large force is required to remove electrons completely from the solid: the electrons
stay in the metal box! In these circumstances, the conduction electrons act as
travelling waves. The mathematical basis of how electrons behave in a metal is given
in Box 1. Note that the material set in each of the boxes provides a more detailed
mathematical and physical background but does not alter the line of the argument in
the main text. Take it on trust, if you wish.

The energy levels in the electron gas form a closely spaced ladder of increasing
energy, as shown diagrammatically in Figure 5.5. The way in which the valence
electrons occupy these states is determined by the Pauli exclusion principle: each
level can hold only two electrons, one spin up and the other spin down, just as found
for atoms. The electrons obey the rules illustrated in Figure 5.4. The effect of the
Pauli exclusion principle is to compel electrons to go into the higher energy levels
when they find lower levels full. As a result, the electrons in the gas occupy the states
from the lowest kinetic energies up through the higher ones until a maximum
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Figure5.5 The Sommerfeld model for a metal as a box containing a gas of valence electrons.
Energy increases upwards. (a) At the absolute zero of temperature (0K) all the electrons in the
electron gas occupy each energy level in pairs. This filling of the available states continues up
to the Fermi level Ef, which separates the filled from the empty states. (b) At temperatures
above OK electrons in levels just below the Fermi level acquire thermal energy and are excited
into states just above the Fermi level. (After J.M. Ziman Electrons in Metals 1963.)

occupied energy state, known as the Fermi energy Ef, is reached above which the
states are empty. The kinetic energy of the electrons, which are at the Fermi level and
are thus the most energetic ones in the electron gas, is large: of the order of 5eV in a
metal. Indeed this energy is enormous compared with that for thermal excitations at
room temperature of 0.025eV (equal to kg7 where kg is the Boltzmann constant).
This large kinetic energy means that electrons at the Fermi level are travelling at
about 10® meters per second, only a few hundred times slower than the velocity of
light. In this sense the electron gas would seem to be extremely hot, with a
temperature Tg (equal to Ep/kg, the Fermi energy Ep divided by the Boltzmann
constant kg) of about 50,000K. However the metal is not hot in the usual meaning of
that word: interaction of the electrons in the gas with the ions holds the metal
together and the electrons cannot give up any of their energy to a colder body (such
as an inquisitive finger!). Even when the temperature of a metal is lowered towards
the absolute zero, the electrons still retain the high Fermi energy; the electron system
stabilizes itself at the lowest possible energy, that is it drops into its ground state
energy. This corresponds to the state in which all the levels below the Fermi energy
are filled and all the higher levels are empty.

Box 1

The free electron theory of metals

Solution of the Schrédinger equation treats conduction electrons in a metal as
travelling waves defined in one dimension by the wave function:

v = exp(i{ky — of}). (1)

Here the wavevector kK, in terms of the wavelength A of the associated de Broglie
waves, 1s 21t/A; time is ¢ and the angular frequency is o (= 2nv), where v is the
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wave frequency. From the de Broglie hypothesis, the wavelength of waves asso-
ciated with a particle of momentum p is:

A =h/p. (2)
Therefore, writing A for 4/2n, we have:
hk = p. 3)

Motion of the free electrons is determined by reference to their associated de
Broglie waves. This treatment of free electrons in terms of the wave vector k can
be readily justified from the Heisenberg uncertainty principle:

AxAp ~ k. (4)

The uncertainty of the position Ax of a free electron in a crystal lattice is large
and, in consequence, the uncertainty of momentum Ap of the electron is small,
and momentum, or its equivalent 7k from equation (4), becomes useful for the
description of electron motion in a lattice. An electron with a wave-vector k is
said to be in the state k and the kinetic energy E(K) of the electron is given by:

E(K) = mv3/2 = m*v?/2m = p*/2m = i*K*/2m. (5)

This equation (of a sphere in k-space) determines the energy of the states
available for the conduction electrons, which comprise the electron gas in the
metal box.

The Fermi Surface

From the physical and mathematical points of view, the natural way of classifying
electronic states in a metal is to plot them on a three-dimensional graph whose axial
scales are the electron momentum, which is equal to ik. Usually k (the wavevector)
is used instead of momentum #k. Surfaces of constant energy constructed in this
“k-space” are found to be very useful. The constant energy surface that separates the
filled from the empty states is called the “Fermi surface”. The concept of the “Fermi
surface”, introduced in Box 2, gives a fuller picture of how the electrons behave in a
metal — central to a formal description of the behavior of electrons in metals. It is not
a surface in the real sense but a mathematical concept. Metal physicists speak of
“electrons on the Fermi surface”. The name has been traced back to a paper by
Bardeen, in 1940, although the emerging concept can be found in much earlier
papers, as long ago as 1930. The first Fermi surface to be determined experimentally
was that of copper by Brian Pippard in 1957. Electrons near the Fermi surface are the

Copyright 2005 by CRC Press



QUANTUM MECHANICS, ATOMS AND THE FREE ELECTRON THEORY OF METALS 77

Box 2

Momentum space or k-space: the standard way of visualizing
electrons in metals

A useful way of picturing the behavior of the electrons is to show their momen-
tum position in a plot inside a three-dimensional momentum space. Since the
electron momentum p is given by 7k, solid-state physicists usually choose to plot
the electron position in k-space, which scales a momentum space down by /. An
electron contained in a metal box of volume V can only take certain values of k
which are evenly and very closely spaced, when V is large enough to contain
many atoms. A simplified two-dimensional diagram of k-space is shown in
Figure 5.6.
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Figure 5.6 The way in which the available electron states are arranged in “k-space” in a
two dimensional model. The states form an array of equally spaced points each of which can
contain two electrons, one spin up, the other spin down. For free electrons the surfaces of
constant energy are circles; therefore the states at the corners of the square are higher in
energy than those within the circle which corresponds to the Fermi energy — electrons go
into the states below that circle rather than into those near the corners of the square. (After
J.M. Ziman Electrons in Metals 1963.)

Each point represents a state. Only two electrons can occupy each state, i.e.
exist at a point. Each k value represents a state of discrete momentum and
energy. This figure illustrates, for two dimensions, how electrons fill up the
available electron k-states. Here radii of successive circles centered on the origin
represent increasing momentum p, which is equal to k. The electron energy
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increases with increasing k and for free electrons, surfaces of constant energy
are circles. For a three dimensional solid they are spheres in three-dimensional
k-space (following equation (5) in Box 1). At the absolute zero of temperature
the gas of free electrons takes the lowest possible energy, by packing the
occupied states in a sphere of radius A, centred on the origin. The sphere that
represents the boundary between the filled and empty states is called the “Fermi
surface”.

ones which carry electric current in a metal and are those which enable superconduct-
1vity to occur.

Since the early days when quantum mechanics was first applied to crystalline
solids, an understanding of the conventional metallic state has been developed in
great detail. This achievement is remarkable, considering that the problem involves
an enormous number of electrons interacting strongly with each other and with
atomic nuclei. A metal can be considered to be a state of matter that has a Fermi
surface and, using this model, its low energy behavior can be understood without
detailed knowledge of the complex interactions that actually occur between the
electrons. A readable introduction to the study of electrons in metals can be found in
articles by J.M. Ziman in Contemporary Physics for 1962 which were collected in
book-form as Electrons in Metals 1963. Although this was written some 40 years ago,
in the heyday of the study of the fundamental properties of normal metals, it remains
unsurpassed as a clear and lucid account of the subject still referred to nostalgically
as Fermiology.

The constraint imposed by the Pauli exclusion principle that electrons occupy
the energy levels singly resolved the mystery of the comparatively small specific heat
of the electron gas. When a metal sample is heated, the electrons in states well below
the Fermi level cannot increase their energy because the states above them already
contain electrons. However, there are empty states just above the Fermi level. This
means that electrons in states near the Fermi energy, but only these, can be
accelerated into states of higher energy. To reiterate, this results in the arrangement
of electrons in energy states shown in Figure 5.4. At any finite temperature, thermal
energy (which is about 0.025eV at room temperature) is absorbed and some electrons
are excited from states, such as that labelled k; in Figure 5.7, just below the Fermi
level into states, such as k, just above the Fermi level. The number of occupied states
above the Fermi level is equal to the number of empty states left below it. As a result
of the constraint that only one electron can occupy a given state, when the tem-
perature is increased only a relatively few electrons, those near the Fermi energy, are
able to increase their velocity and momentum by being excited into higher energy
states. This is why the specific heat of the electrons is so much smaller than classical
physics had predicted.

In the case of sodium metal the picture of a spherical Fermi surface works well,
giving a good description of the behavior of the electrons. A two-dimensional cross-
section is shown in Figure 5.6. However the Fermi surfaces of most other metals are
rather exotic objects, leading John Ziman to point out that they might be mistaken
for pieces of modern sculpture. Alan Mackintosh has suggested that although most
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Figure 5.7 In the free electron model of a metal the Fermi surface is a sphere. At OK all the
states inside the sphere contain electrons have energies less than the Fermi energy which is that
on the Fermi surface sphere. All states outside the sphere are empty. However at any higher
temperature some electrons from states just below the Fermi level are thermally excited into
states with energies greater than that at the Fermi surface, leaving some empty states below.
The scale is shown by the fact that the Fermi energy in a metal is of the order of 10eV while
the thermal energy at room temperature (300K) is only about 0.02eV; so only electrons in a
very thin skin at the Fermi surface can be thermally excited.

people would not define a metal as a “solid with a Fermi surface” that might be the
most meaningful definition. A detailed understanding of why a metal behaves as it
does requires knowledge of its Fermi surface, and in consequence, great efforts have
been extended to construct them for most metals. As might be expected, the Fermi
surface can help to understand the behavior of a superconductor. That for niobium is
shown in Figure 5.8. The electrons, which are the source of superconductivity in a
conventional superconductor such as niobium, are those in states close to the Fermi
surface.

A central question for understanding the nature of superconductivity in the
high 7, cuprates is whether they can also be considered to have a Fermi surface. If
s0, then a theory of superconductivity in these materials can assume the existence and
meaningfulness of a Fermi surface in the normal state. Whether or not this is so,
calculations of the Fermi surface can be, and have been, made on the basis of “band
theory”. A picture of such a calculated Fermi surface is given for YBCO in Figure
5.9. To test the theory, many experiments have been carried out. In general, the
results imply that the cuprates can be described as having a Fermi surface and that
its form is predicted reasonably well by the band theory. This observation limits the
types of theories that need to be considered to explain high temperature super-
conductivity. In the simple free electron model of metals electrons act as the carriers
of electricity. However as we have seen, the majority carriers of electric current in
most cuprates are the “holes”, or simplistically the positively charged spaces left by
electrons at the top of a nearly filled band.
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Figure 5.8 One part of the Fermi surface of niobium; there are several other pieces. The
letters label points of high symmetry. The Fermi surface is plotted in k-space. Niobium has the
highest critical superconducting temperature of any element. (After Scott and Springford
(1970).)

Figure 5.9 A theoretically calculated Fermi surface of YBCO. (After Pickett ez al. (1992).)
Experimental measurements have been made of some pieces and are in reasonable agreement
with the predicted surface.
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Metals are good conductors of electricity because they contain electrons in
states (near the Fermi surface) adjacent in energy to empty states: application of an
electric field causes these electrons to be accelerated into the unoccupied states and
conduct the current. Details of the conduction mechanism in the free electron model
are outlined in Box 3. In normal metals, the source of the resistance is scattering of
electrons from one state to another.

Box 3

How metals conduct electricity

For the free electron model, the electron energy depends upon the square of the
wave vector k (equation (5) in Box 1); this parabolic dependence of the energy
on the wave vector Kk is shown in Figure 5.10. Although this simple model does
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Figure 5.10 The mechanism of the conduction of electricity and the electrical resistivity
in a one-dimensional normal metal. The full lines represent electrons occupying the avail-
able states and the dotted lines represent empty states. (a) When there is no applied electric
field, the occupation of available states by electrons is the same for both negative and
positive values of k; hence the momentum in the negative direction is the same as that in
the positive direction and there is no net current flow. (b) When an electric field is applied,
electrons move towards the positive electrode and there is an increase in the number of
electrons in that direction (in this case corresponding to a positive value of k where the level
of filled states rises and momentum is increased in that direction). A balance is achieved by
scattering of electrons (shown by the long arrow) back from the higher energy levels on the
right into lower energy states on the left — this scattering constitutes the electrical resistance.

not hold exactly for any real metal, it is a close enough approximation to the true
state of affairs to be useful for our later goal of accounting for the absence of
resistance in a superconductor. For a normal metal, flow of electric current and
electrical resistance can be readily understood. Figure 5.10, drawn using
equation (5), is a plot of the electron energy against k, which is equal to momen-
tum divided by a constant. If no electric field is applied, the electrons fill the
lowest energy states, which are those at the bottom of the parabola. This is
shown in Figure 5.10(a). There are as many electrons with negative values of k
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as with positive values, and the total momentum of all the electrons, given by the
summation of Ak for each electron, is zero, as it must be if there is to be no net
flow of current. However, when an electric field is applied across the metal, a
current is induced and the total kinetic energy of the system increases. The elect-
rons move into K-states in such a way, illustrated in Figure 5.10(b), that there is
a net momentum along the direction of electron current flow

Electrons near the Fermi level are constantly being scattered into different
k-states by collisions with thermal vibrations and lattice defects. Scattered
electrons tend to go into the empty states with momentum directed in the
opposite direction to the electron current flow (such as those on the LHS in
Figure 5.10(b)), because these states are lower in energy than any other available
states. Therefore, in an electric field a condition of steady current flow is reached
which represents a balance between the energy and momentum increases arising
from acceleration of the electrons in the field and the decreases due to scattering
back into lower energy states. When the electric field is removed, the scattering
processes cause the system to revert to the state of lowest energy, which is
illustrated in Figure 5.10(a) and electrical conduction ceases.

In superconductors there is no resistance and the scattering processes, which
occur in the normal state, must be inoperative. This happens because the energy states
are not arranged in the same way as those for a normal metal. In order to understand
the origin of superconductivity in conventional metals, we now need to turn our
attention to the physical picture developed by Bardeen, Cooper and Schrieffer, the
subject of the next chapter.
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What Causes
Superconductivity?

Following Kamerlingh Onnes’ discovery of zero resistance, it took a very long time
to understand how superconducting electrons can move without hindrance through a
metal. Attempts to explain from first principles how superconductivity comes about
proved to be one of the most intractable problems of physics. Progress required more
than just new data; it needed an innovative theoretical framework built around radical
new ideas. There are inherent difficulties in achieving this. Fundamentally new con-
cepts are not discovered by observation alone but require new modes of imaginative
thought, which by their very nature are unpredictable and elusive.

One day in 1955, when John Bardeen, Bernd Matthias and Theodore Geballe
were driving between Murray Hill and Princeton, the question was raised: “What are
the most important unsolved problems in solid state physics?” After a characteristic
lengthy pause, Bardeen suggested that superconductivity must be a candidate. Later
in 1957, in collaboration with Leon Cooper and Robert Schrieffer, he was to provide
a most ingenious, and generally accepted, explanation of superconductivity founded
on quantum mechanics. The physical principles underlying this BCS theory are the
concern of this chapter. It has become evident that while the BCS theory gives a
reasonable description of superconductivity in the “conventional” superconductors,
known at that time, that is not the case for more recently discovered “unconventional”
materials, such as the high temperature superconducting cuprates (which will be
discussed separately in Chapter 11).

BCS theory has established that superconductivity in conventional materials
arises from interactions of the conduction electrons with the vibrations of the atoms.
This interaction enables a small net attraction between pairs of electrons. Before
insight into this electron pairing and a subsequent ordering can be gained, some
characteristics of superconductors need to be brought to mind.

Superconductivity is a common phenomenon; at low temperatures many metals,
alloys and compounds are found to show no resistance to flow of an electric current
and to exclude magnetic flux completely. When a superconductor is cooled below its
critical temperature, its electronic properties are altered appreciably, but no change
in the crystal structure is revealed by X-ray crystallographic studies. Furthermore,
properties that depend on the thermal vibrations of the atoms remain the same in the
superconducting phase as they were in the normal state. Superconductivity is not
associated with any marked change in the behavior of the atoms on the crystal lattice.
However, although superconductivity is not a property of particular atoms, it does
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depend on their arrangement. For example white, metallic tin is a superconductor but
grey, semiconducting tin is not. Another of the many examples illustrating an
involvement of the atomic arrangement is that while the usual semimetallic form of
bismuth is not superconducting, even at a temperature as low as 107K, several of its
crystalline forms, which can be obtained under high pressure, are. Although the
atomic arrangement is important, it need not be regular in the crystalline sense; even
some glassy materials can become superconducting. For example, bismuth when
condensed onto a cold finger surface at 4K forms an amorphous film; in this form it
is superconducting. Amorphous metals have recently become very important
materials. Alloys can be frozen in an amorphous state by cooling them extremely
quickly from the melt; some are superconductors.

The conduction electrons themselves must be responsible for the superconduct-
ing behavior. A feature which illustrates an important characteristic of these super-
conducting electrons is that the transition from the normal to the superconducting
state is very sharp: in pure, strain-free single crystals it takes place within a
temperature range as small as 1073K. This could only happen, if the electrons in a
superconductor become condensed into a coherent, ordered state, which extends over
long distances compared with the distances between the atoms. If this were not so,
then any local variations from collective action between the electrons would broaden
the transition over a much wider temperature range. A superconductor is more
ordered than the normal metal; this means that it has a lower entropy, the parameter
that measures the amount of disorder in a system. In an analogous way, the entropy
of a solid is lower than that of a liquid at the same temperature; solids are more
ordered than liquids. A crucial conclusion follows. When a material goes super-
conducting, the superconducting electrons must be condensed into an ordered state.
To understand how this happens, we need to know how the electrons interact with
each other to form this ordered state. That mechanism is the essence of the BCS
model.

The Isotope Effect

In the search for the nature of the interaction that binds the electrons together, there
was a key question to answer. How do the atoms or their arrangement in a solid assist
in the development of superconductivity? An important clue to the form of the way
in which they interact with the electrons came from experimental observations in
1950 that the critical temperature 7, depends on the isotopic mass M of the atoms
comprising a sample. Many elements can have nuclei having different numbers of
neutrons and so have different masses. These isotopes of a given element have
identical electronic structure and chemical properties. If the atoms are involved, then
changing their mass might be expected to have an effect on superconducting
properties. Kamerlingh Onnes himself had looked at this possibility as early as 1922.
At that time there were available to him two naturally occurring forms of lead (Pb)
having different masses; the more abundant, with an atomic mass M of 207.2, comes
from non-radioactive ores, the other from uranium (U) derived lead has a mass M of
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206. These two forms of lead differ in mass because they are made from different
mixtures of isotopes. In those early days the sensitivity of Onnes’ measuring equip-
ment was not good enough to enable him to detect any difference between the super-
conducting transition temperatures 7, of specimens containing different amounts of
lead isotopes. Later experiments made by others, again using lead, were also unable
to detect an effect of atomic mass on transition temperature 7. However with the
development of nuclear reactors after World War II, it became possible to make
artificial isotopes in sizeable quantities and in turn samples having wider mass
differences; at last experiments could be carried out which were able to detect the
effect of the atomic mass on transition temperature 7. The required high sensitivity
of measuring temperature is illustrated by the fact that for mercury 7, varies only
from 4.185K to 4.146K as the atomic mass is changed from 199.5 to 203.4.

The measurements made on mercury samples having different isotopic masses,
and later on lead and tin, showed that the superconducting transition temperature 7,
is proportional to the inverse square root of the atomic mass M (that is 7 is equal to
a constant divided by /M). Therefore the critical temperature of a sample composed
of lighter isotopes is higher than that for a sample of heavier isotopic mass. Changing
the isotopic mass alters neither the number nor the configuration of the orbital
electrons. This isotope effect shows that the critical temperature 7, does depend upon
the mass of the nuclei, and so the vibrating atoms must be involved directly in the
mechanism which causes superconductivity. The argument is greatly strengthened
by the fact that the frequency of atomic vibrations in a solid is also inversely propor-
tional to the square root (m ) of the nuclear mass: this correlation strongly suggests
that the lattice vibrations must play an important role in the process leading to the
formation of the superconducting state.

It is firmly established that the electron—lattice interaction plays a central role
in the mechanism of superconductivity in conventional materials. Now at low tem-
peratures, the lattice vibrations, which carry heat or sound, are quantized into discrete
energy packets called phonons (from the Greek phonos for sound). It is usual to talk
about the electron—phonon interaction. In 1950, Herbert Frohlich from Liverpool
University, yet another émigré from Nazi Germany, first tried to produce a theory of
the superconducting state based on electron—phonon interactions, which yielded the
isotope effect but failed to predict other superconducting properties. Frohlich
realized that electron—phonon interactions could explain the paradox that those
elements that are the best conductors of electricity (copper, silver and gold) do not
become superconductors even at temperatures as low as 1073 while poorer con-
ductors like lead (7, = 7.2K) and niobium (7, = 9.5K) have the highest transition
temperatures of the elements. A strong electron—phonon interaction results in a high
scattering level of electrons by the thermal vibrations and hence comparatively poor
conductivity — but it does enhance the likelithood of superconductivity. By contrast
the noble metals copper, silver and gold are good conductors because the scattering
of electrons by phonons is weak — so weak an interaction that in fact it precludes
them from being superconducting. A somewhat similar approach to constructing a
theory based on electron—phonon interactions made independently in 1950 by
Bardeen at the University of Urbana, Illinois in the U.S. also ran into difficulties.
Fresh ideas were needed.
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Working Towards a Successful Theory

The next crucial step towards an acceptable explanation of how superconductivity
occurs at the microscopic level was made in 1956 by Leon Cooper — guided by
Bardeen. The crucial realization is that superconductivity is associated with a bound
pair of electrons, each having equal but opposite spin and angular momentum,
travelling through the metal. Building on this idea, Bardeen, Cooper and Schrieffer,
working at the University of Urbana, Illinois, produced a theory in which super-
conductivity is considered to arise from the presence of these “Cooper pairs”. Of the
three men, John Bardeen was by far the most senior and eminent. For much of his
scientific career he had been intrigued by superconductivity. He recognized that a
complete theory required the use of more sophisticated techniques such as quantum
field theory, which was then just beginning to be introduced. To develop the required
expertise, he had attracted Cooper, an expert in this area, to Urbana in 1955. Together
with J. Robert Schrieffer, who had arrived at Illinois in 1953 as a graduate student
from MIT, Bardeen and Cooper began a comprehensive assault on developing a
microscopic theory of superconductivity. They were spurred on by the realization of
competition from several other physicists studying the same problem, among them
Richard Feynman, one of the most innovative and inspirational theoreticians of his
generation.

Towards the end of 1956, success for the three seemed to be as far away as ever
and Schrieffer confided in Bardeen that he was beginning to turn his efforts towards
other more tractable problems. After all scientific progress is made by working on
soluble problems! At the time, Bardeen was about to travel to Stockholm to receive
the Nobel Prize for physics for the invention of the transistor. He received this award
jointly with Walther Brattain and William Shockley for work that the three of them
had carried out at the Bell Telephone Laboratories in Murray Hill, New Jersey in the
late 1940s. Bardeen encouraged Schrieffer to continue with the superconductivity
problem since he felt that they were close to success. The turning point came early
in 1957 when they managed to deduce what is known as the correct ground state wave
function for the superconducting electrons. This was followed by a frantic effort on
the part of all three men as the details of the theory were worked out. After a
preliminary note submitted to the journal Physical Review in February 1957, they
worked on a much more substantial paper which appeared in the same journal in
October of that year. This second paper, elegantly written and comprehensive, has
become one of the classic papers of condensed matter physics, widely quoted and
influential. The BCS theory accounted for many of the experimental observations,
such as the existence of an energy gap 2A(0) between the superconducting and
normal states. A large number of experiments have confirmed this predicted value of
the energy gap in the conventional superconductors. Recognition of the significance
of their work came with the award of the 1972 Nobel Prize in Physics to Bardeen,
Cooper and Schrieffer. For John Bardeen this was his second Nobel Prize in Physics,
the only person ever to be so honored. For one person to develop the theory of both
semiconductors and superconductors is a truly remarkable intellectual achievement
and places Bardeen among the greatest physicists of the twentieth century.
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In the next section the physical principles, which underlie the BCS theory are
described in more detail. This requires a more theoretical argument; if this is not your
scene at all, and you are happy with accepting the fact that exchanging phonons (heat)
can hold a pair of electrons together then do not bother to read the accompanying
boxes!

Physical Principles of the BCS Theory

One of the first steps to take when developing any theory of a physical phenomenon
1s to make an assessment of the energy involved. Superconductivity takes place at a
lower temperature than normal state behavior; when a superconducting solid is
heated above its critical temperature T, it goes into the normal state. Therefore, to
drive a superconductor normal, energy is needed; this would be thermal energy, if
the superconducting state is to be destroyed by increasing the temperature above the
critical temperature 7. However, it is also possible to drive a material normal by
applying a magnetic field equal to a critical value. This magnetic behavior makes it
easy to determine the energy difference between normal and superconducting states:
all that is required is to measure the value of the critical magnetic field that destroys
superconductivity. When this is done, it is found that the energy difference between
the normal and the superconducting states is extremely small. For many pure metals,
the critical magnetic flux density (B,) at the OK limit required to destroy super-
conductivity is of the order of only 0.01Tesla. This leads to an order of magnitude
estimate of the condensation energy (ZuOBcz) of only 10-8ev per atom. To physicists
struggling with the development of a theory of superconductivity, such a very small
value of the superconducting energy presents a major obstacle: it is several orders of
magnitude smaller than the energies involved in many processes always present in
metals (for example, Coulombic interactions between the electrons lead to a com-
paratively enormous correlation energy of the order of 1eV per atom). The small
energy difference between the normal and superconducting states may also be
compared with the energy of about 5eV for the conduction electrons in the normal
metal. It is simply not possible to calculate the energy of the normal state electrons
to the accuracy required to be able to separate off the tiny change due to the normal
to superconducting transition. Any attempt at calculation of the condensation energy
seems bound to fail because the much larger energy of other processes would be
expected to mask that of the interaction responsible for the superconducting state. To
avoid this dilemma, Bardeen, Cooper and Schrieffer assumed that the only important
energy difference between the normal and the superconducting states arises from the
interaction leading to superconductivity: they took the only reasonable theoretical
approach of assuming that all interactions except the one causing superconductivity
(i.e. Cooper pairing in the BCS theory) are unaltered at the normal to super-
conducting state transition. They assumed that the only energy change involved
when a material goes superconducting is that due to the formation and interaction of
the Cooper pairs.
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That electrons in a metal can pair at all is remarkable because they have the same
charge and normally repel each other. So it is no surprise that the energy of electron
pairing is extremely weak. In principle, only a small rise in temperature is enough to
break a pair apart by thermal agitation and convert it back to two normal electrons.
Nevertheless if the temperature is taken down to a sufficiently low value, the
electrons do their best to get into the lowest possible energy states, so some pair off.
The repulsion between electrons is overcome in two ways. First, some of the negative
charge of an electron is blocked off or screened by the motions of other electrons.
Second, an intermediary can bring the electrons together into pairs, which then
behave more or less like extended particles. The first step in the formulation of a
theory of superconductivity is to describe the nature of the interaction, which causes
the pairs to form. A simple, commonly used analogy for such an interaction is given
by two rugby football players, who can pair by passing the ball back and forth
between them to avoid being tackled as they run up-field. The question is what
corresponds to the ball in a superconductor? Answer: a phonon, the quantized packet
of heat. You can find out more about phonons in Box 4.

Box 4

Phonons, the quantized packets of heat vibrations

Heat and sound are propagated in solids as thermal waves. Such lattice, or
thermal, vibrations are waves propagated by displacement of the ion cores. The
energy and momentum of these waves are quantized; thermal vibrations of
frequency v, may be treated as wave packets with energy /v,. These quantized
packets are called “phonons” by analogy to the “photons” of electromagnetic
radiation. The word photon was devised from the Greek photos for light, phonon
from that phonos for sound. Since a phonon has both direction and magnitude,
it has to be described as a vector quantity ¢, which is called the phonon wave-
vector and has a value of 2nt/A, A being the wavelength of the associated thermal
wave. This wave-particle duality of heat and sound arises as a result of the de
Broglie hypothesis, which relates the momentum p (=mv) of a particle of mass
m and velocity v and the wavelength A, by:

p=hh,

where /4 is the Planck constant. Hence, since the value of q is 27/, the phonon
momentum is hq, where the usual practice of writing A for 4#/2n has been
adopted. The energy of a phonon is much less than that of the conduction elect-
rons in a metal, which are those electrons at the Fermi level and have the highest
energy.

The discovery of the isotope effect suggested that interaction between electrons
in states near the Fermi level and phonons is closely connected with the development
of the superconducting state. In the case of an electron pair the “rugby football” being
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passed between two players and holding them together is a phonon. Electrons remain
paired by exchanging phonons. The electron—phonon pairing mechanism, when
embodied in the BCS theory, works extremely well for explaining superconductivity
in conventional materials. The phonon acts as the “matchmaker” bringing the
electrons together into pairs. The interaction between an electron and a lattice
vibration can be treated as a collision between particles. Figure 6.1(a) illustrates this
collision or scattering process, which is treated in more detail in Box 5.

Box 5

Interaction between electrons and phonons in Cooper pairs

On collision with a phonon, an electron of wavevector k absorbs the phonon and
takes up its energy /v, (which is in general much less than that of the electron)
and is scattered into a nearby state of wavevector k'. Essentially, the electron has
absorbed heat from the lattice and is now in a quantized state of different energy.
The energy must be conserved in the process so that the new energy E(k’) of the
electron is the sum of its former energy E(k) and that /v of the absorbed phonon:

E(K) = E(K) + hv, (1)

When the electron absorbs the phonon, it also takes up its momentum and
changes its direction; this process is illustrated in Figure 6.1(a). Another basic
law of the physical world has also to be obeyed: momentum must also be
conserved:

S hk+hq=hk'or k+q=Kk (2)

just as it would be for collision between two billiard balls. However, electrons
are different from billiard balls: not only can an electron moving through a crys-
tal lattice absorb phonons, it can also emit them. In this case, illustrated in Figure
6.1(b), the conservation of momentum leads to

K=k-q. (3)

Particularly important in the BCS theory are so-called “virtual phonons”. A
solid can be thought of as teeming with virtual phonons, which exist only
fleetingly. Indeed an electron moving through a lattice can be considered as con-
tinuously emitting and absorbing phonons: it is “clothed” with virtual phonons.
Virtual states can be thought about in terms of the Heisenberg uncertainty
principle in the form AEAf = h. A phonon, which remains in a state for a time
At, has an energy uncertainty AE. If the lifetime Az of the phonon is very short,
the energy uncertainty AFE is very large and the phonon can transfer more energy
than allowed by the law of conservation of energy. Over a period of time long
compared with i/AE energy must be conserved.
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Outgoing electron k'

Phonon in q

Incoming electron k
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Phonon out q

Incoming electron k

Figure 6.1 (a) Absorption of a phonon of wave-vector q by an electron in a state of
wavevector k. The incoming phonon q is shown as the dotted arrow and the incoming (k)
and outgoing (k') electron as the filled arrows. (b) When an electron in a state k gives out
a phonon of wave-vector q, it loses the energy of the phonon and goes into a new state k'.

Electron-virtual phonon processes play a central role in the development of
the superconducting state. Cooper showed that electrons may be considered as
being bound together in pairs by mutual exchange of virtual phonons. The
process involved is illustrated in Figure 6.2. An electron in a state k; near the
Fermi surface emits a virtual phonon q and scatters into a state k;’. The law of
conservation of momentum requires that for this process:

ki'=k;—q. (4)

Another electron in a state of k, absorbs the virtual phonon and is scattered to a
state k," which is defined as:

k) =k, +q. (5)

The two electrons, which exchange virtual phonons in this way, have interacted
dynamically. Momentum must be conserved for the whole process; therefore
from equations (4) and (5) above:

kl +k2=k1’+k2'=K. (6)

Here K is the total momentum of the pair. In principle the interaction between
the electrons may be either repulsive or attractive, the determining factor being
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New electron state

New electron state k'=kx+q
ki=ki—q
Virtual
phonon q
Electron Electron
in initial state k in initial state k,

Figure 6.2 The process which binds two electrons into a Cooper pair. It is an interaction
between the two electrons, which are in initial states with wave-vectors k; and k,, by ex-
change of a virtual phonon of wavevector q. The electrons go into new states k" and k.

the relative magnitudes of the phonon energy /v, and the energy difference
between the initial and final states of the electrons. Cooper demonstrated that a
weak attractive force could exist between pairs of electrons in a metal at low tem-
peratures. For bonding between electron pairs to occur, the net attractive
potential energy (—V},;) arising from virtual phonon exchange must be larger
than the Coulombic repulsive energy (V) between the electrons. Therefore,
using the convention that a negative potential energy gives rise to attractive
forces, the energy balance being:
Vo T Viep <0.

rep

A simple picture illustrates how an attractive force might arise between elect-
rons in a lattice. As an electron moves through the lattice of positively charged ions,
motion of the ions is disturbed in the near vicinity of the electron. The positive ions
tend to crowd in on the electron: a screening cloud of positive charge forms around
the electron. A second electron close by can be attracted into this region of higher
positive charge density. The process in a two-dimensional square lattice is illustrated
in Figure 6.3. If the 1onic vibrations and the charge fluctuations produced by the first
electron are in the correct phase, then the Coulombic repulsion between the two
electrons is counteracted and the electrons are attracted into each other’s screening
clouds. The attractive energy between the electrons is increased when the electrons
have opposite spin. By the process of exchanging phonons, the electrons in a Cooper
pair experience mutual attraction at a distance.

The average maximum distance at which this phonon-coupled interaction takes
place in the formation of a Cooper pair is called the coherence length E. In the early
1950s the Russian theorists Vitaly Ginzburg and Lev Landau produced an important
phenomenological description of superconductivity, which had first introduced this
concept of a coherence length. Their compatriot Lev Gorkov later showed that the
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Figure 6.3 Attraction of an electron, shown by the cross (%), into the screening cloud of
positive ions pulled in towards another electron (%) at the center of the picture. The sketch
is very diagrammatic. The process of interaction is dynamic and both electrons distort the
lattice.

Ginzburg—Landau theory can be derived from the BCS theory: both give equivalent
results close to the superconducting critical temperature. The coherence length is
fundamental to superconductivity and emerges as a natural consequence of the BCS
theory.

One way of estimating a value for the coherence length is to apply a nearly
critical magnetic field to a superconducting sample. Then parts of the sample near
the extremities go into an intermediate state, a laminar structure composed of both
normal and superconducting regions. The boundary between each normal and super-
conducting region is not sharp but has a finite width; physical properties also vary
through the boundary. Careful examination of the boundary shows that it results from
the long range of influence of the superconducting electrons over a macroscopic
distance of about 10~ cm., which is the coherence length.

Long-range order or coherence takes place between electrons in superconduct-
ors and is a measure of the sphere of influence of a Cooper pair. Coherence suggests
that the waves associated with the pairs are macroscopic in extent and overlap
considerably with each other.

This coherence results in a superconductor behaving rather as if it is a “giant
molecule” i.e. an “enormous quantum state”. In the early nineteenth century, when
Ampere had proposed that magnetism can be understood in terms of electric currents
flowing in individual atoms or molecules, it was objected that no currents were
known to flow without dissipation. He has long since been vindicated by quantum
theory, which gives rise to stationary states in which net current flows with no
resistance. A superconductor is a dramatic macroscopic manifestation of a quantum
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mechanical state, which behaves like a giant molecule with no obstruction for
electron flow: there is no resistance.

The Superconducting Energy Gap: a Fundamental Difference
Between the Arrangements of the Electron States in
Superconducting and Normal Metals

A crucial feature of the superconducting state is the existence of an energy gap at the
Fermi level region of the excitation spectrum of superconductors. Electrons are not
allowed to possess energies within this forbidden range of energy. The Cooper pair
states exist just below the energy gap. The energy gap corresponds to the energy
difference between the electrons in the superconducting and normal states. The
confirmation of this long suspected feature of the arrangement of the states available
for electrons in superconductors was a decisive step in the development of an under-
standing of superconductivity. This energy gap arises as a result of the interaction of
the Cooper pairs to form a coherent state in which the superconducting electrons have
a lower energy than they would have in the normal state. More formally, a central
prediction of the BCS theory is that the Cooper pairs form a condensed state whose
lowest quantum state is stable below an energy gap of value 2A, which separates the
superconducting states from the normal ones. An important test of the BCS theory
was to measure this gap and compare the value obtained with that predicted.

At an early stage it was noticed that a superconductor looks the same as the
normal metal: there is no change in its appearance, if a metal is cooled below the
critical temperature. This means that the reflection and absorption of visible radiation
by a superconductor are the same as those in the normal state. However by contrast,
a superconductor shows great differences in its response towards flow of a.c. and d.c.
currents from those found in the normal state. Unlike normal metals, superconductors
exhibit no resistance to direct current flow; but towards an alternating current they
do show some resistance and this increases as the frequency goes up. If the
alternating frequency lies in the infra-red region above about 1013 cycles/sec or
beyond into the visible light range, superconductors behave in a similar manner to
normal metals and absorb the radiation. That is why they look the same as normal
metals in visible light.

This difference between the behavior of a superconductor towards high and low
frequency provides evidence for the existence of the energy gap and suggests one
way of measuring it. In normal metals, when photons of electromagnetic radiation
are absorbed, electrons are excited into stationary states of higher energy. A funda-
mental property of superconductors is that they can absorb electromagnetic radiation
only above a threshold frequency. Behavior of this type is characteristic of materials
with a gap containing no allowed energy states in the energy spectrum. Electrons in
states just below such an energy gap (usually said to be of value 2A) cannot be excited
across the gap unless they absorb a photon of sufficient high energy to enable them
to bridge the gap completely. The threshold frequency v, for absorption of radiation
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Figure 6.4 In a superconductor the energy gap is centred at the Fermi level. This diagram is
an expanded small part close to the surface of the sphere shown in Figure 5.7.

is given by 2A/h. Absorption of radiation beyond the threshold frequency v, by a
superconductor occurs because pairs of electrons in the condensed superconducting
state are excited by the radiation across the energy gap into states in which electrons
exhibit normal behavior. From infrared absorption experiments, among others, the
measured gap (2A) is found to be in agreement with the BCS predicted value of about
3.5kgT,, kg being Boltzmann’s constant and 7, the critical temperature. The energy
gap is centered at the Fermi level, as illustrated in Figure 6.4. The width of the energy
gap is such that photons with a high enough energy to enable Cooper pairs to be split
and surmount this threshold energy (hv,) lie in the short microwave or the long
infrared region, until recently a range of the electromagnetic spectrum not readily
accessible to experiment (see Chapter 9). Therefore, the gap is not that easy to
observe and so its discovery was long delayed. Recognition of the existence of the
gap gave a much clearer picture of the structure of the energy states in super-
conductors and an important indication of the type of theory necessary to explain
superconductivity. In summary, in a superconductor the electron pairs form a con-
densed state below an energy gap that separates the superconducting states from
those available for normal electrons.

The BCS Model of a Conventional Superconductor

Cooper had shown that there can be a small net attractive force between pairs of
electrons; hence pairs are able to exist at low temperatures. Below the critical tem-
perature, pairing of the electrons close to the Fermi surface is the more stable con-
figuration in the superconducting state and reduces the total energy of the system.
This 1s why pairing takes place. An electron pair does not behave like a point particle
but instead its influence extends over a distance of about 10~# cm. in agreement with
the experimental measurements of the coherence length. In consequence the volume
of a Cooper pair is about 10~"2cm’. But there are about one million other Cooper
pairs in this region: the spheres of influence of the pairs overlap extensively. It is
no longer possible to talk about isolated pairs because the electrons continually
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exchange partners with each other; that is the same as saying that the pairs interact
with each other. Overlap between the waves of the two electrons in a pair and then
in turn between the waves associated with the pairs results in the coherence and
produces the condensed state in a superconductor. The electron pairs collect into
what may be likened to a macromolecule extending throughout the metal and capable
of motion as a whole.

The BCS theory is based on this interaction between pairs of electrons to form
a giant quantum state. A superconductor can be visualized as a complex square dance
of Cooper pairs which are all moving in time with each other and exchanging partners
continuously. This “dance to the music of time” comprises the condensed state that
has more order and is lower in energy than that of the electrons in a normal metal.
BCS propose, as the criterion for the formation of the superconducting state, that
Cooper pairs are produced at low temperatures and that this is the only interaction in
a superconductor that results in an energy different from that of the normal state. To
simplify the problem, BCS calculate the superconducting properties for the simple
model of a metal having a spherical Fermi surface, which has been described in
Chapter 5 and illustrated in Figure 5.7. They make the further simplification that only
those electrons near the Fermi surface need be considered in the formation of the
condensed superconducting state. If the average phonon frequency in the metal is v,
the electrons, which can be bound together into Cooper pairs by exchange of
phonons, are those within an energy hv, of each other. Electrons within this small
energy range near the Fermi surface are bound together in pairs while all the others
outside this thin shell remain unpaired. This abrupt, somewhat arbitrary, cut-off
usually gives satisfactory results. In fact, subsequent work indicates that the results
of the BCS theory are not particularly sensitive to the form of the cut-off.

Just as all ideal gases obey Boyle’s law, conventional superconductors comply
with the BCS theory and behave in the same general fashion as each other.

In the BCS model the coupled pairs of electrons have opposite spin and equal
and opposite momentum (see Box 6) and are condensed into a giant state of long-
range order extending through the metal — such an extraordinary feature of the super-
conducting state that it needs to be considered further separately (Chapter 7).

Since all the pairs are in harmony with each other, the whole system of cor-
related electrons resists rupture of any single pair. Therefore, inherent to the system
is the property that a finite energy is necessary to break up only one pair. In a normal
metal, electrons at the Fermi surface can be excited by what is, to all intents and
purposes, an infinitesimally small energy, whereas in a superconductor pair cor-
relation produces a small but finite energy gap, whose value 2A(0) at the absolute
zero is given by a famous BCS formula relating the gap to the critical temperature 7,

2A(0) = 3.5kgT,.

The 2 comes about in the left hand side of this equation because a pair of elect-
rons has to be broken up for energy to be absorbed. Excited, single-particle,
“normal” states are separated from the correlated pair states by this energy gap. A
single electron is a fermion. But a bound Cooper pair acts as a boson; this is because
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Box 6

Electrons in a Cooper pair have opposite momentum and spins

When the bonding between pairs is as strong as possible, the system is at equi-
librium because the energy is at a minimum. Interaction between the pairs is
strongest when the number of transitions of electrons from pair to pair is as large
as possible. This occurs when the total momentum of each pair is the same as
that of any other pair. The condition satisfying this is that the total momentum P
is zero. Now by the de Broglie hypothesis P is equal to 7K, so that the total wave
vector K (see Box 5) of each electron pair is also zero. In this situation, the
electrons in each pair must have equal and opposite momentum. Then

Bk + h(-k)=hK=0 or k+(-k)=0.

A further prerequisite for minimum energy is that the electrons in each pair
have opposite spin. The net spin on a pair is zero. This means that the pairs are
bosons. Now bosons do not obey the Pauli exclusion principle so that they can
all occupy the same state (see Chapter 5). In a superconductor all the Cooper pairs
are condensed into the same state. Hence it is possible to depict the arrangement
of the electron states by the simple energy level diagram shown in Figure 6.5.

if both electrons in a pair are changed, the sign of the wave function is altered twice
and thus is unchanged (theoreticians say that it is invariant under this transformation).
Since the pairs are bosons, all of them are contained in the same state of lowest
energy. The energy levels into which electrons can go for a superconductor can be

Levels into which
single electrons
can be excited

Energy gap 2A
(forbidden for electrons)

—o0 oo oY

Cooper pairs all together
in a single energy level

Figure 6.5 The arrangement of the energy levels in a superconductor. All the Cooper

pairs collect into a single level, which is separated by the energy gap from the higher states
into which single electrons can be excited.
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Figure 6.6 The way in which the superconducting energy gap 2A(7T) varies with
temperature 7. The energy gap 2A(T) at a temperature 7 has been divided by that 2A(0) at
the absolute zero. This reduced energy gap A(7)/A(0) has then been plotted as a function
of the reduced temperature 7/7,. The full curve shows the BCS prediction of the
temperature dependence of the energy gap. The experimental points are those found for an
indium—bismuth alloy and are in good agreement with the theoretical prediction.

shown in a simple way (Figure 6.5). The Cooper pairs all exist in one level separated
by the energy gap 2A from a higher energy band of single levels into which normal
electrons (from split pairs) can be excited.

That the BCS theory should result in an energy gap and predict its magnitude
was one of its major triumphs. For conventional superconductors experimental
measurements of the energy gap are in good agreement with this BCS theory
prediction. For example for aluminium 7, is 1.14K and the measured gap extra-
polated to the absolute zero of temperature is 3.3kg T, (= 3.4 x10~%eV) while the BCS
theory predicts 3.5kgT.

At any finite temperature there are always a few electrons which have been
excited thermally across the gap. This reduces the number of electron pairs and the
correlation energy becomes correspondingly less. Therefore, as the temperature 7 is
increased, the energy gap 2A(7) becomes smaller, as illustrated in Figure 6.6. At the
critical temperature the energy gap vanishes, there are no pairs and the normal state
is assumed.

The BCS model bears a strong resemblance to the earlier two-fluid model
pioneered by Gorter and Casimir (see Chapter 2). In a superconductor at any finite
temperature below the critical temperature T, there are two different kinds of
electron states. Occupied excited states above the gap contain single electrons, while
in the condensed, superconducting state below the gap the electrons are paired and
the pairs are correlated. When pairs are present, they short-circuit the normal elect-
rons: the pairs carry the “supercurrent”. Now that we have acquired some of the basic
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ideas about the nature of superconductors, we can have a look at the mechanism by
which the electrons in pair states can carry a “supercurrent’” without resistance — that
sensational discovery made by Kamerlingh Onnes.

Zero Resistance and Persistence of Current Flow in a
Superconductor

A successful microscopic theory of superconductors must provide an adequate
description of the mechanism of resistanceless flow of persistent current. The BCS
model does this.

Current flow in a superconductor, which is described in more detail in Box 7,
resembles that in normal metals, save for one fundamental difference: individual
supercurrent-carrying electrons cannot be scattered. In the superconducting state all
the electron pairs have a common momentum and there is long-range correlation of
momentum. The usual situation is that resistance to current flow can only occur when
scattering processes transfer electrons into empty, lower energy states with momen-
tum in the opposite direction to the electron current. Although this process occurs in
normal metals (Chapter 5 (Box 3, illustrated in Figure 5.10), it can not take place in
superconductors. Figure 6.7(a) shows schematically the occupation of states in a
superconductor which is not carrying current; states with opposite momentum at the
Fermi level are bound into Cooper pairs. When a current is passed, there is increased
momentum in the direction of the flow of Cooper pairs, as shown in Figure 6.7(b). If
the electrons in the highest energy states on the right hand side of Figure 6.7(b) could
be scattered into the empty states on the left hand side, this would lead to a decrease
in momentum along the direction of electron current flow: there would be electrical

Energy Energy
\ T ; \ T ,Empty states
\ ! ' Momentum
' K Empty states ' = (my + k)
: \ :
Momentumie—>2onded | Pair / Momentum | Bonded Pair
- =i I\_/Ioment;rl? Filled states
Filed states (my —fik)
-— — -~ —
—k +k —k +.k
(@) No current flow (b) Anetelectron flow to right

Figure 6.7 The effect of an electric field on the occupation of the available k-states in a one-
dimensional superconductor. The full lines drawn on the lower energy states in the parabolic
bands show states filled with electrons, while the dotted lines at higher energies represent
empty states. The double headed arrows connect electron pairs with opposite momenta. In case
(a) there is no applied field, while there is an applied field in case (b). For scattering to take
place, electron pairs must be disrupted to allow electrons in the higher energy states on the
right hand side to go into the empty, available, lower energy states on the left hand side. This
cannot happen.
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resistance. However, such scattering processes would necessitate the splitting up of
electron pairs and their removal from the condensed state. It is just this process that
the correlated electron pair system resists most strongly. For a pair to be broken both
electrons must obtain sufficient energy to be excited across the energy gap and
disturb the entire correlated system. In a superconductor the energy available from
any single scattering processes by phonons (or other mechanisms) is not enough to
do this. Scattering is suppressed: there is no resistance. Since the correlated pair
system opposes change, current flow by the Cooper pairs is persistent.

To describe persistent current flow, Bardeen used a colorful analogy, referring
to a closely packed crowd that has invaded a football field. The Cooper pairs can cor-
respond to couples in the throng, who are desperately trying to remain together. Such
a crowd is hard to stop — once set in motion — since stopping one person in the group,
requires stopping many others. The crowd members will flow around obstacles, such
as goalposts, with little disruption — suffering no resistance.

Box 7

Zero resistance and persistence of current flow in a
superconductor

When a superconductor is not carrying a current, there is no net pair drift velocity
because as many electrons go one way as the other: a pair has zero net momen-
tum (Figure 6.7(a)). One electron in a pair has momentum /k and the other —7k.
When a current is flowing, the net drift velocity is v and net momentum mv along
the direction of electron flow (Figure 6.7(b)). The energy of the current-carrying
state is higher than that of the ground state. Coupling by virtual phonons now
takes place between electrons with momenta (mv + hK) and (mv — hK). The total
wave vectors of every pair (of total mass 2m) are all equal (as they were before)
but now are no longer zero. If

v=hP/2m or mv=hP/2

so that the supercurrent-carrying states are translated in k-space by the wave-
vector hP/2, then the pairs have wave vectors of (k + P/2) and (—k + P/2).
Therefore, the total wave vector of each of the pairs is:

(k+P/2)+(-k+P/2)=P

and the pair momentum is hP. Scattering requires that a pair of electrons is
broken up and this can only happen if a minimum energy 2A is supplied from
somewhere to take both electrons across the gap. At low current densities, this
amount of energy can not be given to the electron pairs. Scattering events which
change the total pair momentum are inhibited; there is no resistance.
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Another way of understanding the persistence of current flow is as follows: to
take a pair of electrons away is very difficult because of the tendency of bosons to
keep together in the same state. Once a current is started it just keeps going forever.

In general, the way in which superconductors behave arises because the electron
pairs are bound together in a single energy level and resist removal from it. The BCS
theory does account for persistence of a supercurrent. Not only can most of the
known facts about superconductivity in conventional materials be explained but new
properties are also predicted.

Experimental Examination of the Electron Pair Theory

An energy gap in the elementary excitation spectrum of the electrons in super-
conductors was postulated several years before the development of the electron pair
theory. Nevertheless, the results obtained by BCS, which predicted the magnitude
and temperature dependence of the energy gap are an outstanding theoretical
achievement. Examination of these predictions is the most obvious way to verify the
theory experimentally. Spectroscopic measurements of microwave (Chapter 9) and
infrared absorption give direct evidence for the gap and its magnitude; at low
frequencies there is no absorption but at a frequency v, such that zv, equals the
energy gap at the temperature of measurement there is a sharp onset of absorption of
the radiation: an absorption edge is observed. Thermal properties, such as specific
heat and thermal conductivity, related to the energy required to excite electrons
across the gap, also provide valuable information about the energy gap.

Perhaps the most striking confirmation of the energy gap comes from electron
tunnelling experiments. Tunnelling refers to the fact that an electron wave can
penetrate a thin insulating barrier, a process that would be forbidden under the laws
of classical physics. If a ball is thrown against a wall, it bounces back, but an electron
has a probability that it can tunnel through a forbidden region. A fraction of the
electrons moving with high velocities in a metal will penetrate a barrier by tunnelling,
producing a weak tunnel current on the other side of the barrier. In the late nineteen
twenties some phenomena in solids were explained by tunnelling but progress in
using tunnelling was slow until 1958, when a young Japanese physicist Leo Esaki at
Sony Corporation pioneered the initial experiments that established the existence of
the effect in semiconductors. In 1960, an engineer Ivar Giaever, working on
electronic devices made by thin film technology at the General Electric Research
Laboratory in Schenectady, New York, conjectured that tunnelling might also be
used to great effect in the study of superconductors. In particular, he suggested that
the energy gap could be measured from the current—voltage relation obtained by
tunnelling electrons through a thin sandwich of evaporated metal films insulated by
an oxide film. Experiments showed that his conjecture was correct and tunnelling
became the dominant method of determining the energy gap in superconductors.
Later Brian Josephson predicted tunnelling of Cooper pairs through a thin insulating
barrier (this will be discussed in Chapter 7). In 1973 Esaki, Giaever and Josephson
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were awarded the Nobel Prize in Physics for their discoveries of electron tunnelling
phenomena in solids.

Ivar Giaever has told of his trials and tribulations in an amusing way in his
Nobel Prize lecture: neither he nor his colleague John Fisher

“had much background in experimental physics, none to be exact, and we
made several false starts. To be able to measure a tunnelling current the
two metals must be spaced no more than about 1004 apart, and we
decided early in the game not to attempt to use air or vacuum between the
two metals because of problems with vibration. After all, we both had
training in mechanical engineering! We tried instead to keep the two
metals apart by using a variety of thin insulators made from Langmuir
films and from Formvar. Invariably, these films had pinholes and the
mercury counter electrode, which we used, would short the films. Thus we
spent some time measuring very interesting but always non-reproducible
current—voltage characteristics, which we referred to as miracles since
each occurred only once. After a few months we hit on the correct idea: to
use evaporated metal films and to separate them by a naturally grown
oxide layer.”

To prepare a tunnel junction without pinholes, these early workers first evapo-
rated a strip of aluminium onto a glass slide. This film was removed from the vacuum
system and heated to oxidize the surface rapidly. Several cross strips of aluminium
(Al) were then deposited over the first film making several junctions at the same
time. In this way capacitors, plate electrodes separated by a thin oxide film, were
made with superconducting film. Tunnel devices now have important uses and
further details of their manufacture are detailed more appropriately in Chapter 9. To
obtain the current—voltage characteristic of a tunnel junction, a voltage was applied
across it in the circuit shown in Figure 6.8 and the current flow measured. By April
1959, successful tunnelling experiments had been carried out that gave reasonably
reproducible current—voltage characteristics. A typical current—voltage characte-
ristic for tunnelling between two superconductors is shown in Figure 6.9; only a
minute current can flow across the junction until the voltage applied is sufficient to
excite Cooper pairs across the superconducting energy gap.

To explain how the energy gap can be determined, it is instructive to discuss an
experiment on a capacitor which has one plate made from a superconductor while
the other is a normal metal. When the capacitor plates are less than 100A apart, a
quantum mechanical tunnelling current can flow across the device. Conduction
electrons in the metal plates behave as running waves, which are reflected back into
the metal at the surfaces; however, there is a finite probability that an electron, on
one of many “trial runs” at the surface, may tunnel through the thin layer of insulator
separating the plates. The way in which the energy levels are arranged when no
voltage is applied to a capacitor which has one superconducting and one normal
metal plate is shown in Figure 6.10(a). As shown by the energy level diagram for a
superconductor (Figure 6.5), the Cooper pairs are all contained in one level separated
from the excited states by the energy gap (value 2A). When there is no voltage applied
across the capacitor, the level containing the Cooper pairs in the superconductor is

Copyright 2005 by CRC Press



102 THE RISE OF THE SUPERCONDUCTORS

Ammeter

Oxide Electron ﬂOWA
film

1

@

Figure 6.8 A circuit diagram for making a tunnel experiment. The device is like a capacitor
whose electrodes are the superconductor under investigation (in this case aluminium (Al))
separated by a very thin, insulating aluminium oxide film. To measure the current—voltage
characteristics of the device, a variable voltage (labelled EMF) is applied across it and
measured using the voltmeter; the resultant current is measured with the ammeter.
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Figure 6.9 The experimental current—voltage characteristic observed for tunnelling
between identical superconductors. There is a sharp increase in the tunnelling current when the
applied voltage is equivalent to the energy gap at the temperature of measurement. For com-
parison tunnelling between two normal metals is also shown.

lined up with the Fermi level in the normal metal on the other side of the insulating
barrier. Electrons can only tunnel through the insulating layer, if there are empty
states for them to go into; no current flows. However, when a positive voltage is
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Figure 6.10 Energy level diagram for tunnelling across a device made of a superconductor
separated from a normal metal by a thin insulating film. (a) No applied voltage. There are only
a few excited electrons above the superconducting energy gap. The Cooper pair level is at the
same energy as that of the Fermi level. (b) When the applied voltage is large enough for the
states containing single electrons which face empty states above the Fermi level of the normal
metal on the other side of the junction, a substantial current can flow because electrons can
tunnel across into the empty states then available for them.

applied to the superconductor, the Cooper pair state is lowered (Figure 6.10(b)).
Tunnelling still does not take place until the voltage becomes large enough for the
edge to be pushed to the same level as the Fermi energy in the normal metal.
Electrons at the Fermi level in the normal metal can now tunnel from the negative
plate across the insulator into the empty excited states in the superconductor that
forms the positive plate. A current flows.

Hence to measure the energy gap, a positive voltage V is applied to the super-
conducting plate. This lowers the energy levels of the superconductor relative to
those in the normal plate. For a small voltage no tunneling occurs. However, when
the applied voltage V' is raised to a value V.q1 €qual to A/e, the Fermi level in the
normal metal is lifted up to the lowest empty excited states in the superconductor. So
at this applied voltage, which is a direct measure of one half A of the gap, there is a
sharp increase in the current flowing across the capacitor. The current—voltage
characteristic of the device is illustrated in Figure 6.11. In effect, tunneling
experiments allow direct measurements of the gap with a voltmeter. The voltage is
small, only of the order of a millivolt.

Giaever also observed a characteristic fine structure in the tunnel current, which
depends on the coupling of the electrons to lattice vibrations. From these beginnings
tunnelling has now developed into a spectroscopy of high accuracy to study in detail
the properties of superconductors. The experiments have confirmed in a striking way
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Figure 6.11 The experimental current—voltage characteristic observed for tunnelling
across a capacitor made with one plate of normal metal and the other plate of super-
conductor. At a voltage less than that required to break Cooper pairs and excite normal
electrons above energy gap no tunnelling current flows. When the voltage Vical 1S large
enough to break pairs, there is a sharp increase in the tunnelling current. The critical
voltage Va1 €an be used to measure the energy gap (Vi itical = A/e) at the temperature
of measurement. Here A is half the gap and e is the electronic charge.

the validity of the BCS theory: extrapolated values of the limiting energy gap at 0K
are between 34T, and 4.5kT, for conventional superconductors. The temperature
dependence of the gap usually follows quite closely the BCS predicted curve shown
by the solid line in Figure 6.6.

Several other techniques have been used to determine the energy gap in super-
conductors. One of these is to measure the absorption of monochromatic, ultrasonic
waves in the frequency range 10MHz to 1000MHz in which the ultrasound wave
energy is small compared with the energy gap. Normal electrons scatter the ultra-
sound waves, attenuating them. So as the temperature is lowered through the critical
temperature 7, reducing the number of normal electrons, the attenuation of ultra-
sound waves decreases sharply. Determinations of the energy gap from ultrasonic
attenuation measurements are in reasonable accord with BCS predictions. In 1964,
while at the University of California, Riverside, George Saunders made ultrasonic
attenuation measurements on metal single crystals, and discovered that the energy
gap 1s anisotropic: it depends upon crystallographic direction. Typical results of the
anisotropy of the energy gap are detailed in Table 6.1. This directional effect is a
result of the Fermi surface also being anisotropic. It shows one limitation of the BCS
theory, which, as we have seen, is based upon a spherical model of the Fermi surface
and therefore cannot predict anisotropy of the energy gap.

There are also problems in the application of the BCS theory to alloys and other
more complex superconductors. Phil Anderson suggests that in alloys strong
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scattering results in a more nearly constant interaction than that for anisotropic, pure
metal superconductors. In these “dirty” superconductors the energy gap should be
isotropic and the BCS theory should be obeyed closely. Measurements made by
George Saunders of ultrasonic attenuation in the intermetallic, disordered alloy of
composition equivalent to In,Bi confirm this prediction. The energy gap at OK is
(3.4£0.2)kg T, and, as shown in Figure 6.6, the temperature dependence of the energy
gap is in reasonable agreement with that predicted by BCS. Other experimental
measurements also suggest that the BCS theory is applicable to alloys. Only a few of
the experimental methods used to examine the BCS theory have been surveyed here.
There are numerous other techniques available. The results confirm that the
generalized BCS model of superconductivity is essentially correct for many alloy
superconductors.

Interesting discoveries in the field of conventional superconductors are still
being made. As recently as January 2001, Professor Jun Akamitsu of the Aoyama
Gakuin University in Tokyo announced at a symposium on “Transition Metal
Oxides” in Sendai, Japan, that magnesium boride (MgB,) is a binary intermetallic
superconductor with a critical temperature 7, of 39K — the highest yet found for a
conventional material. This discovery caused an immediate flurry of excitement as
scientists worldwide attempted to verify and extend the observation. Just as the after-
math of the discovery of high temperature superconductors by Bednorz and Miiller
meant that many scientists communicated with each other via faxes, pre-prints and
telephone conversations, so the more recent discovery led many scientists to first
announce their results on the Internet; a trend which it seems is set to continue. By
examining a sample containing the less abundant boron isotope (1°B), a group led by
Paul Canfield at the Ames Laboratory in lowa State University has already shown
that MgB, has an isotope effect, which is consistent with the material being a phonon-
mediated BCS superconductor, although such a high transition temperature might
have implied an exotic coupling mechanism. Strong bonding with an ionic compon-
ent and a considerable electronic density of states produce strong electron—phonon
coupling, and in turn the high 7. Other experiments such as electron tunnelling are
also consistent with a BCS mechanism.

Table 6.1 The limiting energy gap at OK in different directions in thallium (T1) and tin (Sn)
as determined from acoustic attenuation measurements. The directions in column two are
given in Miller indices which are defined in standard texts on crystallography.

Direction of propagation Energy gap

of ultrasonic waves (2A0)/kgT,)
Tl [1010] 4.1
[1210] 4.0
[0002] 3.8
Sn [001] 3.2
[110] 43
[010] 3.5
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It is possible to purchase MgB, directly from chemical suppliers and many of
the first superconducting samples were obtained in that way. The recent discovery
does pose the question as to why the superconducting properties of MgB, were not
discovered years ago. In Chapter 2, the systematic search for new superconductors
by John Hulm, Berndt Matthias and others was discussed. They had great success
with intermetallic compounds based on transition metals but failed to find super-
conductivity in any transition metal diborides that they examined. The recent
discovery undoubtedly means that there will be renewed interest in other binary and
ternary intermetallic compounds. Finally, an interesting ramification is that MgB,
can be thought of as an analogue of the predicted metallic hydrogen superconductor,
which many believe could have an extremely high critical temperature 7, and which
may exist in cold stars.

Summary

Within the limits imposed by the relative simplicity of the model, the BCS theory
provides an acceptable explanation of the phenomenon of superconductivity in the
conventional materials. The BCS model extends the concept of a “two-fluid” super-
conductor. At temperatures below the critical temperature 7, there are both normal
and superconducting electrons. Intrinsic to the superconductor is an energy gap
between the two types of particle states. The superelectrons consist of pairs of
electrons coupled by phonons. Overlap between pair waves gives rise to a condensed
state of long-range order capable of sustaining persistent currents; in the super-
conducting state, quantum effects are acting on a macroscopic scale. Experimental
results on pure metal superconductors are in reasonable agreement with the theory.
Certainly, measured values of the limiting energy gap at OK ranging from 3.2kg7 to
4.6kgT, are in accordance with the prediction of 3.5kgT,, and the measured tem-
perature dependence of the gap is in general in keeping with the theory. Real metals
are more complex than the idealized BCS model. The theory is framed to deal with
the general cooperative nature characteristic of all superconductors. Superconduct-
ors, however complicated their energy surfaces may be in reality, are treated within
the context of the same model: the BCS model is really a law of corresponding states.

All conventional superconductors show some departures from the BCS super-
conductor, but deviations are surprisingly small. Recourse to a stronger
electron—phonon coupling interaction than that used in the initial theory can resolve
many of the difficulties that do arise. For instance, in the strong-coupling limit the
predicted energy gap of 4.0kg T, at 0K, as against the 3.5kgT, of the weak coupling
theory of BCS, accords with the experimental data for mercury and lead. Thus a more
realistic choice for the coupling interaction can allow for some variation in behavior
from metal to metal. Agreement between experiment and theory is then much closer.
The electron-pair hypothesis occasions a point of departure rather than a conclusion
to the subject. Not only are known facts explained but also new phenomena are
predicted.
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One requirement of a theory of superconductivity is that it should predict which
materials may be superconducting. In this BCS is somewhat reticent. Nevertheless,
the theory does suggest that a strong interaction between the lattice and electrons is
conducive to the formation of the condensed state of Cooper pairs. A strong
electron—phonon interaction inhibits normal state conduction because the electrons
are more strongly scattered: metals such as tin, lead, thallium and mercury, which are
relatively poor conductors in the normal state, tend to be superconductors, while the
best conductors of electricity, the noble metals, in which lattice scattering is weak,
do not become superconductors.
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The Giant Quantum State
and Josephson Effects

One of the most fascinating and fundamentally important properties of superconduct-
vity is its quantum behavior over large distances. Usually quantum mechanical
effects are only important at low temperatures and over distances on the atomic scale,
that is about 10~° meters. Superconductors are an exception to this rule. As long ago
as the late 1940s, Fritz London, with a great leap of the imagination suggested that
for superconductors, the wave—particle duality should be able to be seen in vastly
larger objects, even to a mile long superconducting loop.

As for all matter, the de Broglie hypothesis applies to Cooper pairs of electrons:
there is a wave associated with them. The de Broglie wave of a Cooper pair extends
over a distance of about 10~® meters — some thousand times longer than the spacing
between atoms in a solid. This size scale of a Cooper pair defines a coherence
distance between the individual electrons forming the pairs. The essence of super-
conductivity is coherence between the de Broglie waves of all the Cooper pairs: this
phase coherence extends over the whole of a superconducting body even though it
may be enormous. Phase coherence corresponds to BCS telling us that all the Cooper
pairs behave in exactly the same way, not only as regards their internal structure but
also as regards their motion as a whole: they all move in time with each other. In a
Cooper pair, the electrons are bound together to form an entity rather akin to a “two
electron molecule”. Each pair can be thought of as a wave (Figure 7.1) travelling
unscattered throughout the whole volume of the superconducting metal. Each
electron finds itself preferentially near another electron in a Cooper pair, which acts
over such a large volume that within it there are millions of other electrons each
forming their own pairs. As a result, the waves, now relating to the whole collection
of pairs, overlap in a coherent manner (Figure 7.2): in addition to having the same
wavelength, the pair waves are all in step: they have the same phase in time.

When there is a superconducting current flowing in a metal, all the pairs have
the same momentum; the corresponding waves all have the same wavelength and all
travel at the same speed. These waves (Figure 7.2) superpose on each other to form
a synchronous, co-operative wave with that same wavelength. Whatever the size of
the superconductor, all the electron pairs act together in unison as a wave that shows
the extraordinary feature of remaining coherent over an indefinitely long distance
spanning the entire superconductor. This property, known as phase coherence, is
central to superconductivity and has profound consequences: indeed it can be thought
of as being responsible for the curious properties of superconductors. It leads to the
existence of the superconducting energy gap and is the source of the long-range order
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Movement of the pair wave with time

>

Figure 7.1 Travelling wave. A Cooper pair can be represented by a travelling wave. A sine
wave of wavelength A is used here as a simple way to enable “visualization” of the Cooper pair
wave. If P is the momentum of the pair, the de Broglie wavelength ). of this travelling wave is
h/P. The open circles represent points of equal phase, this time phase is associated with the
energy of the pair. Physicists use the wave function y as a mathematical tool to represent
particles in quantum systems. Like any wave, this function has both amplitude and phase. |\|12|
gives the probability for a particle to be in a particular place at a particular time.

of the superconducting electrons. It is the reason why superconductors exhibit
quantum effects over large distances. This coherent wave, which is identical for all
the pairs throughout the superconductor, can undergo interference and diffraction
effects, analogous to those observed for light waves, that are manifest in the macro-
scopic quantum interference effects, observed in SQUIDS (see Chapter 9) and have
useful applications.

So each superconducting pair is characterized by a wave with an amplitude and
a phase. The superconducting ground state is a coherent superposition of pairs — all
having the same phase. Let us consider what happens if a current of electrons is set
up round a ring. Motion around a ring made of a metal in the normal state causes
electrons to accelerate centripetally (in an analogous manner to the moon travelling
in orbit around the earth) and they continuously emit electromagnetic radiation and
lose energy. By contrast, in a superconducting ring a supercurrent persists and does
not lose energy by radiating electromagnetic waves. Stationary states of this kind,
which do not alter with time, are governed by quantum conditions. These require the
quantization of the energy of the superconducting current. This situation is analogous
to the quantization of the energy levels for an electron in orbit around the proton in
a hydrogen atom: in the Bohr model (see Figure 5.1) an electron remains indefinitely
in its orbit with an unchanged energy and does not radiate electromagnetic waves.
To increase its energy, the electron has to jump into another quantum state having a
higher fixed energy. Similarly a supercurrent in a ring is quantized and can only be
increased by a jump up into a state of higher fixed energy and current. One con-
sequence of this quantization of the current round a ring is that the magnetic flux
threading through the ring is quantized and we now consider the ramifications of this
remarkable feature.

Flux Quantization

Flux quantization is another quantum effect of superconductors that was predicted
by Fritz London. It was thought to be so bizarre that nobody paid much attention to
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Cooper pair wave 1
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Cooper pair wave 3

Figure 7.2 Coherence of waves. In a superconductor all the pair waves have the same phase
and so these three waves should be superimposed: they are said to be phase coherent. A single
wave function can then describe the entire collection of Cooper pairs.

it for many years. Fritz London, again displaying his deep insight, proposed, as part
of a phenomenological theory of superconductivity, that the magnetic flux passing
through the axial hole in a hollow, current-carrying, superconducting ring should be
quantized in multiples of #/e (4.14x 10~ 1> Weber); that is the flux can be zero, or
hle, or 2h/e, or 3h/e, and so on, but can have no value in between. This theoretical
prediction that the flux must be a multiple of the basic quantum mechanical unit //e
1s in complete contrast with classical physics, which would suggest that any current
and magnetic flux can take any value at all. In his day, it was not possible to test this
prediction because the available apparatus was not sufficiently sensitive to measure
the small magnetic flux involved.

The advent of the BCS theory stimulated experiments to confirm the predictions
made about flux quantization. It transpired that the results obtained provided
convincing evidence for Cooper pairing. Careful experiments have verified that the
magnetic flux is indeed quantized, but that the magnitude of the flux quantum is 4#/2e
(2.07x 10~ 1> Weber): half London’s predicted value. This is consistent with pairs of
electrons, rather than single ones that London had originally assumed. Finding this
gave an enormous boost to the acceptance of the BCS theory — being overwhelming
evidence that the electrons are bound together in Cooper pairs: the result suggests that
the charge on the current carriers is 2e (where e is the electronic charge).

Flux quantization is a direct result of the electron correlation and gives a further
insight into the stability of persistent currents in superconducting rings. If a super-
current is to decay, the flux must jump to another state with an integral quantum
number: the system as a whole must be altered; many particles must change states
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Figure 7.3 A ring in a magnetic field. (a) In the normal state: magnetic flux lines thread the
ring and the metal itself. (b) When temperature is lowered below the critical temperature T,
magnetic flux is ejected from the metal but still threads the ring. (c) As the outside magnetic
field is removed, a current is induced in the ring which produces magnetic flux with the same
value as before. The current and the magnetic flux persist and both are quantized.

simultaneously. The probability of this happening is vanishingly small because
typical scattering processes in the solid affect only a few particles at a time. Hence
supercurrents can and do persist. The nature of the flux quantization involved is a
consequence of the zero resistance to a current flowing round a superconducting ring
and the quantization of that current.

Let us take a ring made of a metal that can go superconducting, and place it in
a magnetic field above the critical temperature, as shown in Figure 7.3(a). In the
normal state magnetic field lines pass through the hole in the ring and also through
the metal of the ring itself. If the ring is cooled below the critical temperature 7, so
that it goes into the superconducting state, the new situation shown in Figure 7.3(b)
is produced: due to the Meissner effect, when the ring is made superconducting, the
magnetic field is forced out of the superconducting metal of which the ring is made.
However, flux still threads through the hole in the ring. If the external field is now
removed, by Faraday’s laws, as that field changes a current is induced in the ring that
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keeps the flux threading the ring at a constant value. This current persists round the
ring. Hence the magnetic flux lines going through the hole remain trapped, as shown
in Figure 7.3(c). Another novel feature is that both the current and the associated
magnetic flux can only be increased in fixed steps. For the magnetic flux, drawn as
a magnetic flux line, the fixed steps are now known to be /#/2e. The flux quanti-
zation existing inside the ring can be visualized by fixing each magnetic field line
with a value of 4#/2e and ensuring that only an integral number of such lines can
thread the hole in the ring in Figure 7.3(¢).

The problem facing those experimentalists who planned to test this fundamental
quantization of the current and flux in a superconducting ring is that the value of each
flux quantum is extremely small: the amount of magnetic flux threading a tiny
cylinder a tenth of a millimeter in diameter is about one percent of the earth’s
magnetic field. This makes experimental observation of flux quantization extremely
difficult; to make a successful measurement, it is necessary to use very small rings.
That was done. Flux quanta were first observed by measuring discontinuities in the
magnitude of the magnetic field trapped in a superconducting capillary tube. In 1961
Bascom Deaver and William Fairbank at Stanford University, and at the same time
Doll and Nidbauer in Munich, Germany published papers in the same edition of
Physical Review Letters reporting that they had been able to make sufficiently
sensitive magnetic measurements to observe flux quanta and determine their value.
The objective was to find out whether it is true that the magnetic flux threaded
through a superconducting ring can take only discrete values. Both groups used very
fine metal tubes of diameter only about 10um (10_3cm); then the creation of a flux
quantum requires a very weak magnetic field of about 10~°T, which can be handled
experimentally provided that the earth’s magnetic field is screened out. To carry out
these superlative experiments, Doll and Nédbauer used small lead or tin cylinders
made by condensing metal vapor onto a quartz fiber. Deaver and Fairbank made a
miniature cylinder of superconductor by electroplating a thin layer of tin onto a
one-centimeter length of 1.3 x 10 >cm diameter copper wire. The coated wire was put
in a small controlled magnetic field, and the temperature reduced below 3.8K so that
the tin became superconducting, while the copper remained normal. Then the
external source of magnetic field was removed, generating a current by Faraday’s
law; as a result the flux inside the small superconducting tin cylinder remained
unchanged, as shown in Figure 7.3(c). This tin cylinder now possessed a magnetic
moment, which was proportional to the flux inside it. To measure this magnetic
moment, a pair of tiny coils was sited at the ends of the tin cylinder and the wire
wobbled up and down between them at about 100 cycles per second (rather like the
behavior of the needle in a sewing machine). Then the magnetic moment was
determined from voltage induced in the coils.

Deaver and Fairbank found that the flux was quantized, but that the basic unit
was only one-half as large as London had predicted on the basis of single electrons.
Doll and Nébauer obtained the same result (Figure 7.4 in which the states having 0,
1, 2 and 3 flux quanta can be seen). At first, this discrepancy from London’s
prediction was quite mysterious, but shortly afterwards the chief assumption of the
Bardeen, Cooper, and Schrieffer theory that the superconducting electrons are paired
provided the explanation of why it should be so. Everything had now come together.
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Figure 7.4 Experimental confirmation by Deaver and Fairbank of flux quantization in a tin
cylinder having a very small diameter. The units of magnetic flux on the vertical scale are
quanta of value /#/2e and the flux threading the cylinder can only take values on the lines
shown, all the intermediate values not being allowed.

These experiments had verified the pairing postulate on which the BCS theory
depended. All the Cooper pairs that carry the supercurrent are in the same quantum
level. If Cooper pairs are caused to go into another quantum state, they must all
change together. Any magnetic flux threading the hole in a superconducting ring can
only exist as multiples of a quantum @, called the fluxon, given by

Dy =h/2e=6.62x10"3*1s/(2x1.6x1071°C) =2.07x10~15 Wb.

Here, the 2 in the denominator occurs because the electrons are paired. This
value of a fluxon, equal to Planck’s constant divided by twice the electronic charge,
1s extremely small. The tiny magnitude of this quantity can be put in perspective by
noting that in the earth’s magnetic field of about 2 x 10T, the area that would be
covered by a red blood corpuscle, which has a diameter of about 7um, embraces
roughly one flux quantum.

The existence of flux quantization also establishes the strict long-range phase
correlation of the Cooper pairs with each other. A visual way of seeing this is shown
in a simplistic fashion in Figure 7.5. A basic requirement of quantum mechanics is
that a wave must be continuous and have only one value or it does not correspond to
a single state. By analogy for a wave to travel round a loop of string, the string must
not be cut and the ends must meet! Hence the coherent wave formed by superposition
of the pair waves must complete an integral number of cycles round a ring (then the
phase increases by an integral number of 21 once round the superconducting circuit).
Addition of one more flux quantum into the bundle (initially containing an integral
number » of flux quanta @, threading the ring) corresponds to an increase of exactly
one more complete wavelength into the ring and the number of fluxons increasing to
(n + 1). Addition of two (rather than one) more flux quanta needs two extra complete
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Figure 7.5 Relationship between flux quantization and phase coherence in a ring with a
circulating supercurrent /;. In this case 6 magnetic flux quanta thread the ring and there are 6
complete wavelengths round the circuit of the superconducting ring. If another flux quantum
were to be added, there would then be 7 wavelengths round the ring. An intermediate state is
not possible. Note the resemblance of this picture to that of the atom in Figure 5.2 but the huge
difference in scale: the superconducting ring may be eight orders of magnitude (i.e. 108 times)
larger — or even more — than the size of an atom. Superconductivity is a giant quantum state.

wavelengths, so that there are now (# + 2) fluxons. So the observation of flux quanti-
zation also confirmed experimentally the existence of long range coherence as the
large-scale quantum-mechanical behavior of electron pair waves in superconductors.

Flux quantization is not just restricted to a superconducting ring; that is, for a
superconductor with a hole in it. Quantization always appears when a magnetic flux
passes through any superconductor, such as those of type II, which are penetrated by
an applied magnetic field in the form of fluxoids or bundles of fluxons (see
Chapter 8).

As a first step in understanding the mechanism of superconductivity in the high
T, cuprates, it was vital to find out whether pairing of electrons is also involved.
Several experiments have established that this is the case. One of the most
compelling is the search for flux quantization carried out at the University of
Birmingham by Colin Gough and co-workers shortly after the discovery of YBCO.
They were able to measure the flux trapped inside a ceramic ring of YBCO. Their
results are shown in Figure 7.6. They found that it is possible to excite the ring
between its metastable quantum states corresponding to different integral numbers
of the trapped flux. The multiphase nature of the YBCO allowed single quanta of flux
to move easily in and out of the ring; this was crucial for the experiment to work
successfully in the weakly superconducting material. They measured a value of /2/2e
for the flux quantum @, hence establishing that the superconducting electrons are
also paired in YBCO. In addition, this experiment shows that the long-range
coherence of the pair waves is a property of high 7, cuprate superconductors, as it is
for the more conventional materials. Hence flux quantization is a fundamental
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Figure 7.6 To measure the value of a flux quantum in a high 7 superconductor, a YBCO ring
at 4.2K was periodically exposed (note scale on the graph abscissa is time) to a local source of
electromagnetic noise causing the ring to jump between quantized flux states. The equally
spaced lines shown here emphasize the quantum nature of the flux transitions because the flux
jumps take place in integral numbers of a single flux quantum (4/2e). (Gough et al. (1987).)

property of all superconductors. Today, flux quanta play an important role in the
many superconducting devices that depend for their operation on the so-called
Josephson effects.

Josephson Effects

Age places no constraints on scientific work. While he was still a research student in
the early 1960s at Trinity College, Cambridge, Brian Josephson put forward new
fundamental ideas that completely changed the way in which superconductivity is
viewed. The eminent American theoretical physicist Philip Anderson, who was a
Visiting Professor at Cambridge at the time, has given a fascinating personal account
of how Brian Josephson, then a young man of only 22 years of age, developed his
far-reaching ideas and discovered the effects, which now carry his name.

Josephson considered what might happen when two superconductors are sepa-
rated by a thin layer of an insulating material, which acts as a barrier to the flow of
current. It had previously been recognized that, on account of their wave nature,
electrons can tunnel through a thin insulating barrier between metals (see the
discussion in Chapter 6 of how this phenomenon provided a powerful way of testing
the BCS predictions). Tunnelling arises because the electron waves in a metal do not
cut off sharply at the surface but fall to zero within a short distance outside. The
electron wave leaks into the “forbidden” barrier region. Within this distance there is
a small but finite probability that an electron will be found outside the metal.
Therefore, when a piece of metal is placed very close (within about 10~ cm) to
another, electrons have a finite probability of penetrating the potential barrier formed
by the insulating layer between the two metals. A small tunnelling current can be
caused to flow across the junction by applying a voltage across the two super-
conductors (Figure 7.7).

Copyright 2005 by CRC Press



THE GIANT QUANTUM STATE AND JOSEPHSON EFFECTS 117

Insulating layer
~20A

—

Superconductor I Superconductor
1 2

Current flow

Figure 7.7 The principle of an experiment to test Josephson’s prediction about tunnelling of
Cooper pairs through an insulating junction between two superconductors.

In 1962, Josephson pointed out that, in addition to the ordinary single-electron
tunnelling contribution, the tunnelling current between two superconductors should
contain previously neglected contributions due to the tunnelling of Cooper pairs. The
coherent quantum mechanical wave associated with the Cooper pairs leaks from the
superconductor on each side into the insulating region. Josephson suggested that if
the barrier is sufficiently thin, the waves on each side must overlap and their phases
should lock together. Under these circumstances the Cooper pairs can tunnel through
the barrier without breaking up. Thus, an ideal Josephson junction is formed between
two superconductors separated by a thin insulating layer. The two electrons maintain
their momentum pairing across the insulating gap and so the junction acts as a weak
superconducting link. When there is a current flowing round a superconducting loop
containing such a junction, there is a genuine supercurrent at zero voltage across the
insulating layer. Josephson provided an equation for the tunnelling current (see Box
8). He was much puzzled at first as to the meaning of the fact that this current depends
on the phase, which may in part explain the title of his paper reporting his work:
“Possible New Effects in Superconductive Tunnelling” in the newly created journal
Physics Letters rather than the prestigious Physical Review Letters.

Anderson returned home to Bell Telephone Laboratories extremely enthusiastic
about what Josephson had done and eager to confirm pair tunnelling experimentally.
He told a colleague John Rowell of his conviction that Josephson was right. Rowell
pointed out that he had noticed suggestive things in tunnelling experiments that he
had made on superconductors which could have indicated that he might actually be
seeing Josephson effects. Motivated by the new ideas, he set off to study a new batch
of tunnel junctions. In those 