
Superconductivity

Physics World celebrates the centenary of the discovery of superconductivity

Kwik nagenoeg nul. Scrawled in a lab notebook by the Dutch low-temperature physi-
cist Heike Kamerlingh Onnes on 8 April 1911, these words are what signalled that
superconductivity – that mysterious and bizarre phenomenon of condensed-matter
physics – had been discovered. Onnes, together with his colleague Gilles Holst, had
found that the resistance of mercury, when chilled to a temperature of below 4.2 K,
fell to practically zero – the hallmark of superconductivity. Interestingly, it was only
last year that the precise date of the discovery and this phrase – which means
“Quick[silver] near-enough null” – came to light, thanks to some clever detective
work by Peter Kes from Leiden University, who trawled through Onnes’s many
notebooks, which had been filled (often illegibly) in pencil (Physics Today September
2010 pp36–43).

Researchers soon began to dream of what superconductivity could do (p18),
with talk of power cables that could carry current without any losses, and later even
levitating trains. Sadly, with a few honourable exceptions such as superconduct-
ing magnets (p23), there have been far fewer applications of superconductivity
than from that other product of fundamental physics – the laser. Over the years,
superconductivity has also baffled theorists: it was not until the mid-1930s that
brothers Fritz and Heinz London made a big breakthrough in understanding how
these materials work (p26). As for high-temperature superconductors (p33 and
p41), theorists are still scratching their heads.

Fortunately, today’s theorists are in good company. A true understanding of
superconductivity foxed some of the giants of physics, including Dirac, Feynman
and Einstein himself, who in 1922 noted that “with our wide-ranging ignorance of
the quantum mechanics of composite systems, we are far from able to compose a
theory out of these vague ideas”. Einstein felt that progress in superconductivity
could only be made by relying on experiment. A century on from its discovery,
those words continue to ring true.
Matin Durrani, Editor of Physics World
● Check out physicsworld.com during April for our series of superconductivity-
related videos
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The first 100 years
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Of all the discoveries in condensed-matter physics dur-
ing the 20th century, some might call superconduc-
tivity the “crown jewel”. Others might say that honour
more properly belongs to semiconductors or the elu-
cidation of the structure of DNA, given the benefits
that both have brought to humanity. Yet no-one would
deny that when a team led by Heike Kamerlingh
Onnes stumbled across superconductivity – the ab-
solute absence of electrical resistance – at a laboratory
in Leiden, the Netherlands, 100 years ago, the scien-
tific community was caught by complete surprise.
Given that electrons usually conduct imperfectly by
continually colliding with the atomic lattice through
which they pass, the fact that conduction can also be
perfect under the right conditions was – and is – surely
no less than miraculous.

The discovery of superconductivity was the culmin-
ation of a race between Onnes and the British physicist
James Dewar as they competed to reach a temperature
of absolute zero using ever more complex devices to
liquefy gases. Onnes won after he successfully lique-
fied helium by cooling it to 4.2 K, for which he was
awarded the 1913 Nobel Prize for Physics. (The cur-
rent low-temperature record stands at about 10–15 K,
although it is of course thermodynamically impossible
to ever get to absolute zero.) But researchers did not
only want to reach low temperatures just for the sake
of it. What also interested them was finding out how
the properties of materials, particularly their electrical
conductance, change under cryogenic conditions. In
1900 the German physicist Paul Drude – building on
the conjectures and experiments of J J Thomson and
Lord Kelvin that electricity involves the flow of tiny,
discreet, charged particles – had speculated that the re-
sistance of conductors arises from these entities boun-
cing inelastically off vibrating atoms.

So what would happen to the resistance of a metal
immersed in the newly available liquid helium? Phy-
sicists had three main suspicions. The first was that the
resistance would keep decreasing continuously towards
zero. The second was that the conductivity would in-
stead saturate at some given low value because there
would always be some impurities off which electrons
would scatter. Perhaps the most popular idea, however
– predicted by the emerging picture of discrete, lo-

calized atomic orbitals – was that the electrons would
eventually be captured, leading to an infinite resistance.
But before anyone could find out for sure, researchers
needed a very pure metal sample.

Gilles Holst, a research associate in Onnes’s institute
at Leiden University, thought it might be possible to
obtain such a sample by repeatedly distilling liquid
mercury to remove the impurities that were found to
dominate scattering below 10 K. The Leiden lab had
lots of experience in fabricating mercury resistors for
use as thermometers, and Holst suggested enclosing
the mercury in a capillary tube to keep it as pure as
possible before finally submersing it in a sample of
liquid helium. And so it was in April 1911 (the precise
date is not known for sure due to Onnes’s unclear and
uncertain notebook entries) that Holst and his lab tech-
nician Gerrit Flim discovered that the resistance of li-
quid mercury, when cooled to 4.2 K, reached a value so
small that it is impossible to measure. This phenomen-
on – the complete absence of electrical resistance – is
the hallmark of superconductivity. Ironically, had the
Leiden team simply wired up a piece of lead or solder
lying around the lab – rather than using mercury – their
task would have been far easier, because lead becomes
superconducting at the much higher temperature of
7.2K. In fact, three years later, acting on a suggestion by
Paul Ehrenfest, researchers at the Leiden lab were able
to produce and measure “persistent” currents (which
would last a billion years) in a simple lead-ring sample.

Since its discovery 100 years ago, our understanding of
superconductivity has developed in a far from smooth
fashion. Paul Michael Grant explains why this beautiful,
elegant and profound phenomenon continues to
confound and baffle condensed-matter physicists today

Paul Michael Grant

is at W2AGZ
Technologies,
San Jose, California,
US, e-mail pmpgrant
@w2agz.com, 
Web www.w2agz.com

Down the path of 
least resistance
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History credits – erroneously in my opinion – Onnes
as the sole discoverer of what he, writing in English,
called “supra-conduction”. (Where the work was first
published is hard to decipher, although the first report
in English was in the Dutch journal Communications
from the Physical Laboratory at the University of Leiden
(120b 1911).) Clearly, the discovery would not have
happened without Onnes, but to publish the work with-
out his colleagues as co-authors would be unthinkable
today. At the very least, the announcement should have
been made under the names of Onnes and Holst. As it
happens, life panned out well for Holst, who became
the founding director of the Philips Research Labor-
atory in Eindhoven and a distinguished professor at
Leiden. But that does not mean that he and others
should be forgotten as we celebrate the centenary of
the discovery of superconductivity.

Conforming to type

After the 1911 discovery, research into superconduc-
tivity languished for several decades, mainly because
duplicating the Leiden facility was difficult and ex-
pensive. However, research also stalled because the
zero-resistance state disappeared so easily when a sam-
ple was exposed to even quite modest magnetic fields.
The problem was that most early superconductors were
simple elemental metals – or “type I” as they are now
known – in which the superconducting state exists only
within a micron or so of their surface. The ease with

which they became “normal” conductors dashed early
dreams, voiced almost immediately by Onnes and
others, that superconductivity could revolutionize the
electricity grid by allowing currents to be carried with-
out any loss of power

However, other labs in Europe – and later in North
America too – did eventually start to develop their own
liquid-helium cryogenic facilities, and as the monopoly
held at Leiden slowly broke, interest and progress in
superconductivity resumed. In 1933 Walther Meissner
and Robert Ochsenfeld observed that any magnetic
field near a superconducting material was totally ex-
pelled from the sample once it had been cooled below
the “transition temperature”, Tc, at which it loses all
resistance. The magnetic field lines, which under
normal circumstances would pass straight through the
material, now have to flow around the superconductor
(figure 1). This finding, which came as a total surprise,
was soon followed by the observation by Willem Kee-
som and J Kok that the derivative of the specific heat
of a superconductor jumps suddenly as the material 
is cooled below Tc. Nowadays observing both these
bizarre effects – “flux expulsion” and the “second-order
specific-heat anomaly” – is the gold standard for prov-
ing the existence of superconductivity. (Legend has it in
fact that the latter measurements were actually per-
formed by Keesom’s wife, who was also a physicist yet
did not get any credit at the time.)

The mid-1930s also saw the discovery by Lev Shub-
nikov of superconductivity in metallic alloys – mater-
ials in which the critical magnetic field (above which
superconductivity disappears) is much higher than in
simple elemental metals. The experimental and theor-
etical study of these alloys – dubbed “type II” – quickly
dominated research on superconductivity, especially in
the Soviet Union under the leadership of Pyotr Kapitsa,
Lev Landau and Shubnikov himself. (The latter, who
was Jewish, was imprisoned in 1937 by the secret police
during the Stalinist purges and later executed, in 1945.)
Soviet theoretical efforts on the statistical mechanics
of superconductivity – and the related phenomenon of
superfluidity – continued throughout the Second World
War and the Cold War, led primarily by the late Vitaly
Ginzburg, Alexei Abrikosov and Lev Gor’kov. Alhough
much of it was unknown to the West at the time, the
Ginzburg–Landau–Abrikosov–Gor’kov, or “GLAG”,
model underlies all practical applications of supercon-
ductivity. The model is so useful because it is empirical
and thermodynamic in nature, and does not therefore
depend on the microscopic physics underlying a par-
ticular second-order phase transition, be it magnetism,
superfluidity or superconductivity.

Towards BCS theory

Progress in unravelling the fundamental theory under-
pinning superconductivity advanced more slowly. In
1935 Fritz and Heinz London proposed a phenom-

For Onnes to publish the discovery
without his colleagues as co-authors
would be unthinkable today
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enological “adjustment” to Maxwell’s constituent
equations to accommodate the notion of a “penet-
ration depth” of an externally applied magnetic field
beyond the surface of a superconductor (see “The for-
gotten brothers” by Stephen Blundell on page 26).
However, it was not until the mid-1950s that the the-
oretical web surrounding superconductivity was finally
unravelled, having frustrated attempts by some of the
20th century’s brightest and best physicists, including
Dirac, Einstein, Feynman and Pauli. This feat was
eventually accomplished by John Bardeen, Leon
Cooper and Robert Schrieffer, leading to what is now
called BCS theory, for which the trio shared the 1972
Nobel Prize for Physics (see box on page 35 for more
on BCS theory). A key development was the deter-
mination by Cooper that a gas of electrons is unstable
in the presence of any infinitesimal attractive interac-
tion, leading to pairs of electrons binding together.
Bardeen and his student Schrieffer then realized that
the resulting quantum state had to be macroscopic and
statistical in nature.

But where did the attractive interaction come from?
In 1950 Emanuel Maxwell of the US National Bureau
of Standards noticed that the transition temperature
of mercury shifted depending on which of its isotopes
was used in the particular sample, strongly suggesting
that somehow lattice vibrations, or “phonons”, are in-
volved in superconductivity. BCS theory proved, given
the right conditions, that these vibrations – which are
usually the source of a metal’s intrinsic resistance –
could yield the attractive interaction that allows a ma-
terial to conduct without resistance.

Quite simply, BCS theory ranks among the most ele-
gant accomplishments of condensed-matter physics.
Generally stated, it describes the pairing of two fer-
mions mediated by a boson field: any fermions, by any
boson. All known superconductors follow the general
recipe dictated by BCS, the basic form of which is an

extraordinarily simple expression: Tc∝Θ/e1/λ, where Tc
is the transition, or critical, temperature below which
a material superconducts, Θ is the characteristic tem-
perature of the boson field (the Debye temperature if
it is comprised of phonons), and λ is the coupling con-
stant of that field to fermions (electrons and/or holes
in solids). A material with a large value of λ is generally
a good candidate for a superconductor even if it is,
counterintuitively, a “poor” metal under normal con-
ditions with electrons continually bouncing off the
vibrating crystal lattice. This explains why sodium, gold,
silver and copper, despite being good metals, are not
superconductors, yet lead is (figure 2).

However, BCS is descriptive and qualitative, not
quantitative. Unlike Newton’s or Maxwell’s equations
or the framework of semiconductor band theory, with
which researchers can design bridges, circuits and
chips, and be reasonably assured they will work, BCS
theory is very poor at pointing out what materials to use
or develop to create new superconductors. For all that
its discovery was an intellectual tour de force, it is the
German-born physicist Berndt Matthias who perhaps
summed the theory up best when he said (in effect) that
“BCS tells us everything but finds us nothing”.

Later landmarks

Following the development of BCS theory, one of the
next landmarks in superconductivity was the predic-
tion in 1962 by Brian Josephson at Cambridge Uni-
versity in the UK that a current could electrically tunnel
across two superconductors separated by a thin insu-
lating or normal metal barrier. This phenomenon, now
known as the Josephson effect, was first observed the
following year by John Rowell and Philip Anderson of
Bell Laboratories, and resulted in the development of
the superconducting quantum interference device, or
SQUID, which can measure minute levels of magnetic
field and also provide an easily replicated voltage stan-

One of the most unusual properties of superconducting materials is what happens when they are placed near a magnetic field. At high
temperatures and field strengths (blue region), the magnetic field lines pass straight through the material as expected. But as Walther Meissner
and Robert Ochsenfeld discovered in 1933, when a superconducting material is cooled below the transition temperature, Tc, at which current
can flow without resistance, the field lines are expelled from the material and have to pass around the sample – what is known as the “Meissner
effect” (yellow region). Certain superconductors, known as “type II”, can also exist in a “vortex state” (green region), where resistive and
superconducting sub-regions co-exist. Practical demonstrations of magnetic levitation always use type II superconductors because the magnetic
vortices are pinned in place, making the magnet laterally stable as it hovers.
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dard for metrology labs worldwide.
For the next landmark in superconductivity, however,

we had to wait more than two decades for Georg Bed-
norz and Alex Müller’s serendipitous observation of
zero resistance at temperatures above 30 K in layered
copper-oxide perovskites. Their discovery of “high-
temperature superconductors” at IBM’s Zurich lab in
1986 not only led to the pair sharing the 1987 Nobel
Prize for Physics but also triggered a boom in research
into the field (see “Resistance is futile” by Ted Forgan
on page 33). Within a year M K Wu, Paul Chu and 
their collaborators at the universities of Houston and
Alabama had discovered that an yttrium–barium–
copper-oxide compound – YBa2Cu3O6.97, also known
as YBCO, although the precise stoichiometry was not
known at the time – could superconduct at an astound-
ing 93 K. As this is 16 K above the boiling point of liquid
nitrogen, the discovery of these materials allowed re-
searchers to explore for the first time applications of
superconductivity using a very common and cheap cryo-
gen. The record substantiated transition temperature
rests at 138K in fluorinated HgBa2Ca2Cu3O8+d at ambi-
ent pressure (or 166 K under a pressure of 23 GPa).

With Bednorz and Müller about to pack their bags
for Stockholm as the latest researchers to win a Nobel
prize for their work on superconductivity, it was a
happy time for those in the field. Literally thousands of
papers on superconductivity were published that year,
accompanied by a now legendary, all-night celebratory
session at the March 1987 meeting of the American
Physical Society in New York City now dubbed “the
Woodstock of physics” at which those involved, me
included, had one hell of a good time.

Technology ahead of its time

Alongside these advances in the science of supercon-
ductivity have been numerous attempts to apply the
phenomenon to advance old and create new technol-
ogies – ranging from the very small (for ultrafast com-
puters) to the very large (for generating electricity).
Indeed, the period from the 1970s to the mid-1980s
witnessed a number of technically quite successful de-
monstrations of applied superconductivity in the US,
Europe and Japan. In the energy sector, perhaps the
most dramatic was the development between 1975 and
1985 of an AC superconducting electricity cable at the
Brookhaven National Laboratory in the US, funded 
by the Department of Energy and the Philadelphia
Electric Company. Motivated by the prospect of large-
scale clusters of nuclear power plants requiring massive
transmission capacity to deliver their output, the cable
attracted a good deal of attention. Although the cable
worked, it unfortunately turned out not to be needed as
the US continued to burn coal and began to turn to na-
tural gas. Similarly, in Japan, various firms carried out
demonstrations of superconducting cables, generators
and transformers, all of which proved successful from
a technical point of view. These projects were generally
supported by the Japanese government, which at the
time was anticipating a huge surge in demand for elec-
tricity because of the country’s growing population.
That demand failed to materialize, however, and I know
of no major superconductivity demonstration projects
in Japan today apart from the Yamanashi magnetic-
levitation test track, which opened in the mid-1970s
using niobium–titanium superconductors.

In 1996 I published a paper “Superconductivity and

Over the last 100 years, an ever bigger range of elements in the periodic table has been found to superconduct. Shown here are those elements that superconduct at
ambient pressure, shaded according to when this ability was first unearthed (yellow/orange), and those elements that superconduct only at high pressure (purple). 
Adapted from Superconductivity: A Very Short Introduction by Stephen Blundell (2009, Oxford University Press)
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2 Spreading its wings
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electric power: promises, promises…past, present and
future” (IEEE Trans. Appl. Supercond. 7 1053), in which
I foresaw a bright future for high-temperature super-
conductivity. A large number of successful power-
equipment demonstrations once more followed, with
various firms developing superconducting cables, gen-
erators, conditioners (transformers and fault-current
limiters), all of which proved successful. Although few
– if any – of these demonstrations have been turned
into working products, there is nevertheless a lot of
good, advanced superconductor technology now sit-
ting on the shelf for the future, if needed. Unfor-
tunately, it has so far not had much of an impact on the
energy industry, which is driven as much by politics and
public perception as it is by technological elegance.
When it comes to the electronics industry, in contrast,
price and performance – say of the latest laptop or
smartphone – are everything.

A somewhat similar story accompanies the appli-
cation of superconductivity to electronics, a prime
example being computers based on “Josephson junc-
tions”, which promised to bring faster CPU speeds dis-
sipating less heat than the bipolar silicon technology
that dominated from the 1960s to the early 1980s. IBM
and the Japanese government bet heavily on its suc-
ceeding, as it did from a technical point of view, but
were blind-sided by the emergence of metal-oxide–
silicon field-effect transistors (MOSFETs), which de-
livered both goals without requiring cryogenic pack-
aging. (Other applications, including my personal top
five, are given in “Fantastic five” on page 23.)

Cool that sample

In January 2001, exactly a year after the dawn of the
new millennium, Jun Akimitsu of Aoyama-Gakuin
University in Japan announced at a conference on
transition-metal oxides the discovery of superconduc-
tivity in magnesium diboride (MgB2) – a material that

had first been successfully synthesized almost 50 years
earlier at the California Institute of Technology. Aki-
mitsu and colleagues had actually been looking for
something else – antiferromagnetism – in this mater-
ial but were surprised to find that MgB2, which has a
hexagonal layered structure and can be fabricated with
excellent microcrystalline detail, became supercon-
ducting at the astonishingly high temperature of 39 K.
The discovery prompted many other researchers to
study this simple material and, over the past decade,
high-performance MgB2 wires have been fabricated.
Indeed, MgB2 has the highest upper critical field (above
which type II superconductivity disappears) of any ma-
terial apart from YBCO, with calculations suggesting
that it remains a superconductor at 4.2 K even when
subjected to massive fields of 200 T.

However, there is an interesting twist to the story. In
1957 the chemists Robinson Swift and David White at
Syracuse University in New York measured the lattice
specific heat of MgB2 between 18 K and 305 K to see if 
it depended on the square of temperature, just as other
layered structures do. Their results, which showed no 
T2 dependence, were published in the Journal of the
American Chemical Society not as a graph but as a table.
When their data were re-analysed after Akimitsu’s 2001
announcement and plotted in graphical form, Paul
Canfield and Sergei Bud’ko at Iowa State University 
(as well as the present author, working independently),
were surprised to find a small specific-heat anomaly near
38–39 K, indicating the onset of superconductivity.

The question is this: if the Syracuse chemists had
plotted their data and shown it to their physicist col-
leagues, would the history of superconductivity from
the mid-20th century have taken a different course? To
me it is likely that all the niobium intermetallics, such as
the niobium–titanium alloys used in the supercon-
ducting magnets in CERN’s Large Hadron Collider,
would never have been needed, or even fully developed
(figure 3). High-field magnets would have been fabri-
cated from MgB2 and perhaps even superconducting
power cables and rotating machinery made from this
ordinary material would be in use today.

The lesson is clear: if you think you have a new (or
old) metal with unusual structural or chemical proper-
ties, do what Holst, Bednorz and Akimitsu did – cool
it down. Indeed, Claude Michel and Bernard Raveau
at the University of Caen in France had made 123 sto-
ichiometric copper-oxide perovskites four years before
Chu, but having no cryogenic facilities at their lab – and,
finding it awkward to obtain access to others elsewhere
in the French national research council system – missed
making the discovery themselves.

Superconductivity arguably ranks among the ulti-
mate in beauty, elegance and profundity, both experi-
mentally and theoretically, of all the advances in
condensed-matter physics during the 20th century,
even if it has to date yielded only a few applications that
have permeated society. Nonetheless, the BCS frame-
work that underlies superconductivity appears to reach
deep into the interior of neutron stars as well, with the
pairing of fermionic quarks in a gluon bosonic field ex-
periencing a transition temperature in the range 109 K.
A century after Leiden, in the words of Ella Fitzgerald,
“Could you ask for anything more?” ■

3 Round the bend

Superconductors can be found in all sorts of applications, one of the most famous of which is
in the dipole magnets at the Large Hadron Collider at CERN. The collider has 1232 such
magnets, each 15 m long, consisting of coils of superconducting niobium–titanium wire cooled
to 1.9 K using liquid helium. Carrying currents of 13 000 A, the magnets generate extremely
high fields of 8.3 T, which help to steer the protons around the 27 km circumference collider.
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Perhaps no other potential application of
superconductivity has captured the pub-
lic’s imagination more than magnetically
levitated (maglev) trains; you can even buy
toy models of them. There have also been
science-fiction-like maglev concepts that
in principle would work, featuring curved
tunnels through the Earth’s mantle,
whereby the train first falls on a levitated
track, generating electricity as it does so
for the trip back up. Indeed, the first pa-
tents on the basic concept date back to
1907 – four years before superconductiv-
ity was even discovered.

However, every maglev system ever
built, apart from the Yamanashi test line in
Japan, has used conventional technology
involving ordinary (albeit powerful) iron-

core electromagnets. Moreover, the top
speed of the Yamanashi superconducting
prototype is 581 km h–1, which, despite
being a world record for mass surface
transportation, is only 6 km h–1 faster than
the ordinary wheel-on-rail French TGV
trains. The message is clear: faster surface
transportation may be important, but
superconductivity has not – and is unlikely
to – play much of a role in that quest.

So if not maglev, then what have been
the most significant applications of super-
conductivity in terms of their impact on
society? This article lists a top five selected
by Paul Michael Grant from W2AGZ
Technologies in San Jose, California. Su-
perconducting wires top the list, followed
by magnets for medical imaging and for

particle colliders in second and third, re-
spectively, with superconducting motors
in fourth and a unique dark-matter experi-
ment in fifth. One other application of
superconductors that has not quite made
the cut involves using them in electro-
magnets or flywheels to store energy. Such
superconducting magnetic-energy storage
devices store energy in the magnetic field
created by an electric current flowing in a
superconducting coil. As almost all the
energy can be recovered instantly, these
devices are incredibly efficient and would
be ideal for storing electricity in the home
should we be forced to rely much more on
renewable sources of power that are not
always on tap.

But let’s start with those wires…

Superconductivity may be a beautiful phenomenon, but materials that can conduct with zero resistance
have not quite transformed the world in the way that many might have imagined. Presented here are the
top five applications, ranked in terms of their impact on society today

Fantastic five

1 Wires and films

One thing is for sure: there would be no applications of superconductivity if
physicists and materials scientists had not managed to develop – as they
did in the 1970s – superconducting wires and films made from niobium–
titanium and niobium–tin. These materials can carry high currents, even in
the presence of strong magnetic fields, when cooled with liquid helium to a
temperature below 4.2 K. They are generally packaged as bundles of wires
in a matrix, allowing them to be sold both as wire filaments and as solid
cores encased in copper. They can carry currents of up to 50 A while
withstanding magnetic fields of 10 T.

Firms such as American Superconductor, SuperPower and 
Zenergy Power now also make high-temperature superconducting tape
from yttrium–barium–copper-oxide (YBCO). It is just as robust as 
low-temperature niobium alloys and can be used for transmission power
cables but using liquid nitrogen – not helium – as the cryogen. What is
remarkable is that YBCO is a hard and brittle ceramic (like a teacup), yet it
can be made in batches thousands of metres long. This is done by
depositing a continuous film of it onto a specially prepared “textured
substrate” base – typically a stainless-steel-like alloy coated with another
layer of magnesium oxide or yttrium zirconia.

The resulting technology is truly a tour de force. Indeed, the “upper
critical field” – the maximum field that YBCO tape can be subjected to and
still superconduct – is so high at 4.2 K that it has never been, and probably
cannot be, measured. These materials are ideal for use as
superconducting power cables, which could carry electricity without any of
the power losses that afflict conventional copper cables. (Note that
superconductivity is only “perfect” for direct-current transmission; for
alternating current there are always losses.)

The US in particular has ploughed much money into this field, largely
through a 20-year research and development effort funded by the
Department of Energy that ended in 2010. Its fruits are now on the shelf,

waiting to be harvested by the utility industry and its suppliers. However, it
is likely that upgrading and replacing conventional cables will not happen
as fast as was once envisaged. Instead, it is likely to occur gradually
through mega-projects, such as the “SuperGrid” concept, which envisages
electricity from nuclear power stations carried along superconducting
cables cooled by hydrogen that is produced by the power plant and that
could also be used as a fuel (Physics World October 2009 pp37–39).

And the winner is...

Slice of magic Cross-section through a niobium–tin cable.
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2 Medical imaging

A peace-time offshoot of the development of
radar in the Second World War was the invention
of nuclear magnetic resonance (NMR), which
can determine the structure and composition of
materials by studying how nuclei, such as
hydrogen, with a non-zero spin absorb photons
when bathed in a magnetic field. By the late
1960s, with the development of “tomographic”
techniques that can build up 3D X-ray images of
the human body from a series of individual 2D
“slices”, medical physicists realized that NMR
could also be used to study the distribution of
hydrogen nuclei in living tissue. By the late
1970s the first full-body magnetic resonance
imaging (MRI) scanners had been developed,
which required a constant and uniform magnetic
field surrounding the body of about 1 T –
something that is only easily practical using
superconducting magnets.

MRI has since become perhaps the most
widespread medical diagnostic tool and there is
at least one such scanner in every major
hospital around the world. An MRI solenoid
typically has up to 100 km of niobium–titanium
or niobium–tin wire made from individual wires,
each several kilometres long, connected by
special joints that let the current continue to
flow without any losses. Most of these magnets
use mechanical cryocoolers in place of liquid
helium and thus operate continuously. One
variant of MRI that is also becoming popular is
“functional MRI” (fMRI) – a technique that
needs twice the magnetic field of “standard”
MRI machines (sometimes as high as 4 T). 
It is used to monitor motion in the human body
in real time, such as how the flow of blood in 
the brain changes in response to particular
neural activity.

A similar medical scanning technique uses
superconducting quantum interference devices,
or SQUIDs, held at liquid-helium temperature, to
detect the tiny magnetic fields generated by the
exceedingly small currents in the heart or brain.
Known as magnetocardiography (when studying
the heart) or magnetoencepholography (when
studying the brain), it is non-invasive and does
not require any equipment to be wired directly
onto the body. Magnetocardiography, which can
detect cardiac anomalies that escape routine
electrocardiography, has already undergone
numerous successful clinical trials in the US,
Europe and China, although it is not yet widely
used in hospitals.

We should not forget that MRI-scale
superconducting magnets have also had a big
impact on condensed-matter physics and
materials science. Most universities and
industrial laboratories have at least one
“physical properties measurement system” that
can make a variety of transport, magnetic,

optical and microscopy measurements from
room temperature to 1.2 K (and below) in fields
of up to 16 T.

3 High-energy physics

Although it might be considered esoteric and
unrelated to general human welfare, it could be
argued that no human endeavour surpasses the
search for our origins. Every civilization on our
planet has devoted a portion of its wealth to 
that quest – take the pyramids of Giza or
Teotihuacan, for example – and today’s large
particle-physics labs are continuing that
tradition. However, particle colliders would be
nothing without the superconducting magnets
that bend accelerate particles around in a circle.
The Tevatron collider at Fermilab in the US, for
example, has huge bending magnets carrying
currents of 4000 A that produce magnetic fields
of about 4.2 T when cooled with liquid helium,
while those at the Large Hadron Collider (LHC) at
CERN produce fields of roughly twice that
strength at 1.9 K.

The Tevatron, which is due to close later this
year, can generate centre-of-mass collision
energies of 2 TeV, while the LHC can currently
produce 7 TeV collisions, with 14 TeV as a longer-
term target. Either facility could, in principle,
spot the Higgs boson and thus complete the final
piece of the Standard Model of particle physics,
although the LHC, operating at higher energy and
still so new, is more likely to do so.

But what lies beyond the Standard Model?
Many high-energy theorists suspect there may 
be a large energy gap before something
“interesting” appears again, which might require
collision energies of 100–200 TeV or more 
(i.e. 50–100 TeV per beam). Unfortunately, a
machine that could generate these energies and
that is no bigger than a conventional collider

such as the LHC (i.e. with a circumference of
about 27 km) would lose most of its beam
energy in the form of synchrotron X-rays. (Such 
X-rays can, though, be extremely useful to
characterize materials, which is why there are
now 50 or so dedicated synchrotron radiation
facilities around the world, most of which have
superconducting magnets.)

Interestingly, however, Fermilab physicist
Bill Foster, now a member of the US House of
Representatives, and his colleagues have
proposed revisiting an old idea by Robert Wilson,
Fermilab’s first director. It would involve simply
saturating a 2 T iron magnet with a high-
temperature superconducting cable cooled with
liquid nitrogen and carrying a current of
75 000 A. The snag is that reaching energies of
50 TeV would require a ring with a circumference
of about 500 km. Such a large project would be
difficult to carry out in areas of significant
population, but in principle would be possible to
deploy in more remote areas. As ever, all it would
take is money.

4 Rotating machinery

Superconducting materials have long been
touted as having a bright future in motors and
generators. The problem is that conventional
motors are currently quite good at converting
electrical power into rotational power – being up
to 95% efficient for large 100 kW–1000 MW
industrial devices. Replacing the rotating
electromagnet (i.e. the rotor) in a motor with a
superconducting material might increase the
conversion by 2%, but this will hardly make
much difference.

Nevertheless, in 1983 the Electric Power
Research Institute (EPRI) in the US, working with
Westinghouse Electric Company, successfully
demonstrated a 300 MW electric generator using

Best of the rest

Take a picture A magnetic-resonance-imaging 
scanner uses small superconducting magnet coils to
produce detailed images of any part of the body.

Interconnected A welder works on the junction
between two of the Large Hadron Collider’s
superconducting-magnet systems.
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niobium–titanium wire kept at 5 K. Similar efforts
were carried out at the Massachusetts Institute
of Technology, while in 1988 the Japanese
government inaugurated the “Super-GM” project,
which sought to provide superconducting
generators to meet Japan’s growing electricity
needs. However, when the country’s power
demands failed to materialize, the project,
despite having succeeded from a technical point
of view, never got off the ground and was never
deployed by Japan’s electricity utilities.

The tangible advantage of using
superconducting wires – whether of the low- or
high-temperature variety – in rotating machines
is that they significantly reduce the amount of
iron required, which normally forms the core of
conventional electromagnets. Removing the iron
in this way makes the generator lighter, smaller
and so more efficient. These advantages have
been fully recognized for many years by the 
US military, which has a culture in which the
effectiveness of a given technology outweighs
the cost. However, despite several successful
demonstrations of propulsion motors by the 
US Navy using low-temperature materials, it
ultimately did not adopt them.

The winds are now shifting. The US Navy is 
on the verge of using high-temperature
superconducting “degaussing” cables on all of
its light, high-speed destroyer-class ships to
shield them from being detected by enemy
submarines. (These cables are simply loops that
create a magnetic field, which cancels that from
the iron components of the ship.) Moreover,
high-temperature superconducting motors are
also likely to be deployed as “outboard” units on
US submarines and surface attack resources. If
so, we are likely to see such devices “trickle
down” to holiday cruise ships and commercial
vessels. Finally, superconducting generators are

also likely to find themselves used in wind
turbines, greatly reducing the ecological impact
of wind farms. In the far future, we might even
see superconducting motors – and possibly
magnetohydrodynamic pumps – used to
transport water from wet to dry areas to adapt to
the effects of global warming.

5 Dark matter

As Physics World readers will surely know, much
of the mass in our galaxy, and others too, is
missing, or at least we cannot “see” it. That is,
astronomers have observed deviations in the
rotational motion of galaxies that cannot be
accounted for by ordinary matter that we can
observe simply by using electromagnetic
radiation. It turns out that about four-fifths of the
matter in the universe is invisible “dark matter”.
(All matter, dark or otherwise, makes up about
27% of the mass–energy density of the universe,
with the other 73% being “dark energy”, but that
is another story…) The exact nature of dark
matter is, of course, still not clear, which means
that finding out is one of the big challenges of
physics and indeed a central question
underlying our existence.

Dark matter is a field wrought by, or fraught
with, considerable confusion and debate. Even
the names of the particles that could form dark
matter are bizarre – from MACHOs, RAMBOs and
WIMPs to chameleons and axions, to name but a
few. Where superconductivity fits in is in the
search for axions, which are postulated to result
from the assumed violation of charge–parity
symmetry under strong coupling within the
Standard Model. The idea is that when axions of
a given mass–energy (in the μeV to meV range)
enter a microwave cavity sited in a 5–7 T
magnetic field from a liquid-helium-cooled
superconducting solenoid, they will interact with
the field and decay into photons. These photons
can then be amplified and detected using
SQUIDs operating at 2 K. The rationale for using
SQUIDs is that they lower the noise level, and
thus sensitivity, to as close to the ultimate limit
set by Planck’s constant as possible.

Such experiments are not science fiction but
are already under way as part of the Axion Dark
Matter Experiment (ADMX) collaboration,
previously located at the Lawrence Livermore
National Laboratory and now at the University of
Washington in the US. The superconducting
magnet at the heart of the device consists of
niobium–titanium wire wrapped 37 700 times
around the core, which has a bore of 60 cm.
Although ADMX has not yet managed to detect
any axions, we do know that, if they exist, they
cannot have masses in the 3.3–3.53 × 10–6 eV
range. Detection of axions at any energy
anywhere will surely earn someone a Nobel prize
and tickets to Stockholm. Stay tuned.

.

A peek inside The cavity at the centre of the Axion Dark
Matter Experiment contains a niobium–titanium
superconducting magnet.
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In 1934 two brothers Fritz and Heinz London, both
refugees from Nazi Germany, were working in an up-
stairs room in a rented house in Oxford. There they
solved what was then one of the biggest problems in
superconductivity, a phenomenon discovered 23 years
earlier. The moment of discovery seems to have been
sudden: Fritz shouted down to his wife “Edith, Edith
come, we have it! Come up, we have it!” She later re-
called, “I left everything, ran up and then the door was
opened into my face. On my forehead I had a bruise for
a week.” As Edith recovered from her knock, Fritz told
her with delight “The equations are established – we
have the solution. We can explain it.”

Though the discovery of what are now known as “the
London equations” came in a dramatic flash of inspi-
ration, the brothers’ ideas had been gestating for some
time and their new intellectual framework would later
mature through subsequent work by older brother Fritz.
John Bardeen, who won his second Nobel prize in 1972
for co-developing the Bardeen–Cooper–Schrieffer
(BCS) theory that provided a coherent framework 
for understanding superconductivity, regarded the
achievement of the London brothers as pivotal. “By far
the most important step towards understanding the
phenomena”, Bardeen once wrote, “was the recogni-

tion by Fritz London that both superconductors and
superfluid helium are macroscopic quantum systems.”
Before then, quantum theory had only been thought to
account for the properties of atoms and molecules at
the microscopic level. As Bardeen explained, “It was
Fritz London who first recognized that superconduc-
tivity and superfluidity result from manifestations of
quantum phenomena on the scale of large objects.”

But despite Fritz’s leading role in the breakthrough
that solved one of the knottiest conundrums of the
early 20th century, he did not secure a permanent job
at the University of Oxford once his temporary con-
tract was up. Only two years later he was forced to up
sticks and continue his postdoctoral wanderings. It
might seem strange that such a bright spark was not
snapped up, but even more surprising, perhaps, is the
lack of recognition that the London brothers receive
today. Like most institutions, Oxford has a culture of
celebrating famous physicists of the past who have
worked there, some of whom it has to be admitted
have only had a rather tenuous connection with the
place. But among the rows of photographs lining the
walls of the Clarendon Laboratory, the London bro-
thers are nowhere to be seen. How has this omission
of recognition happened?

Stephen Blundell tells of how Fritz London and his younger brother Heinz cracked the decades-long
mystery of superconductivity, but wonders why their achievement is still overlooked today

Stephen Blundell is
a professor of physics
at the University of
Oxford and the author
of Superconductivity:
A Very Short
Introduction, e-mail
s.blundell@physics.
ox.ac.uk

The forgotten brothers
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From Breslau to Oxford

Fritz London was born in 1900 in the German city of
Breslau (now Wroclaw, Poland) and nearly became a
philosopher. However, he switched to physics and be-
came immersed in the heady intellectual atmosphere
of the 1920s that surrounded the new quantum theory.
London’s early career saw him travelling around Ger-
many, taking positions with some of the great quantum
pioneers of the time: Max Born in Göttingen; Arnold
Sommerfeld in Munich; and Paul Ewald in Stuttgart.
London worked on matrix mechanics and studied how
the newly discovered operators of quantum mechan-
ics behave under certain mathematical transforma-
tions, but he really made his name after moving again 
to Zurich in 1927. The lure of Zurich had been to work
with Erwin Schrödinger, but almost immediately
Schrödinger moved to Berlin and London teamed up
with Walter Heitler instead. Together they produced
the Heitler–London theory of molecular hydrogen – a
bold and innovative step that essentially founded the
discipline of quantum chemistry.

The following year London moved to Berlin, where
he worked on intermolecular attraction and originated
the concept of what are now known as London disper-
sion forces. He also succumbed to the interpersonal
attraction of Edith Caspary, whom he married in 1929.
By now the name “Fritz London” was becoming well
known – he was fast gaining a reputation as a creative
and productive theorist. However, with Hitler becom-
ing German chancellor in 1933, the Nazis began a
process of eliminating the many Jewish intellectuals
from the country’s academic system, putting both Lon-
don and his younger brother Heinz at risk. Born in
Bonn in 1907, Heinz had followed in his older brother’s
footsteps, studying physics, but became an experimen-
talist instead, obtaining his PhD under the famous low-
temperature physicist Franz Simon.

A possible way out from the Nazi threat was provided
by an unlikely source. Frederick Lindemann, later to
become Winston Churchill’s wartime chief scientific
adviser and to finish his days as Viscount Cherwell, was
then the head of the Clarendon Laboratory. Linde-
mann was half-German and had received his PhD in
Berlin, so was well aware of the political situation in
Germany. He decided to do what he could to provide a
safe haven in Oxford for refugee scientists. His motives
were not entirely altruistic, however: Oxford’s physics
department was then a bit of an intellectual backwater
and this strategy would effect an instantaneous invig-
oration of its academic firepower in both theoretical
and experimental terms. Later that year Lindemann
persuaded the chemical company ICI to come up with
funds to support his endeavour.

Lindemann initially lured both Schrödinger and
Albert Einstein to Oxford, although Einstein quickly
moved on to Princeton University in the US. Simon
also came, bringing with him Heinz London as his as-
sistant as well as Nicholas Kurti (later to be a pioneer of
both microkelvin cryogenics and the application of
physics to gastronomy). But Lindemann also wanted a
theorist and admired Fritz London as a no-nonsense,
practical sort of person who was able to work on down-
to-earth problems. Thus both London brothers ended
up in Oxford, Heinz sharing a rented house with his

brother and sister-in-law. Fritz was the superior the-
orist but Heinz had deep insight into, and a great love
for, thermodynamics, something that he had picked up
from Simon. He frequently quipped “For the second
law, I will burn at the stake.” With Simon’s arrival in
Oxford, and the installation there of the first helium
liquefier in Britain, experimental research began on
low-temperature physics, leading Fritz London to work
on superconductivity.

The quest to understand superconductivity

The discovery of superconductivity in April 1911 by
Heike Kamerlingh Onnes and Gilles Holst was the in-
evitable consequence of Onnes devoting many years to
the development of the cryogenic technology needed
to achieve low temperatures. With Onnes’s laboratory
in Leiden being the first to liquefy helium came the first
chance to explore how materials behave in such extreme
low-temperature conditions. The disappearance of
electrical resistance in a sample of mercury was an un-
expected shock, but in retrospect it was an inevitable
consequence of having developed a far-reaching new
technology that opened up an unexplored world.

But nobody knew how this new effect worked. For
decades theorists tried and failed to come up with an

Some 23 years after the discovery of superconductivity, Fritz and Heinz London
described how superconductors interact with electromagnetic fields. In doing so they
introduced two equations that now bear their name. Their first equation is E∝ d J/dt
and relates electric field, E, to current density, J, where t is time, and supersedes
Ohm’s law (E =ρJ, where ρ is the resistivity). Using Maxwell’s equations it can be
shown that this leads to ∇2(dB/dt) = (dB/dt)/λ2, which predicts blocking out or
“screening” of time-varying magnetic fields on a length scale λ. This is enough to
explain the Meissner effect, which shows that the magnetic field, B, itself is screened.

In 1935 the London brothers argued that a more fundamental relation is given by
their second equation, ∇× J∝– B, which, using Maxwell’s equations, gives 
∇2B = B/λ2. This predicts screening of the magnetic field itself, so that an external
magnetic field can only penetrate into the surface of a superconductor over a length
scale λ, which is now called the London penetration depth. Fritz London later realized
that the locking of all carriers into a single momentum state yields the relation
J = –(nq2/m)A, where there are n carriers per unit volume, each with mass m and
charge q. This equation linking current density and the magnetic vector potential, A,
is probably the best summary of the London theory.

The London legacy begins

Family affair Left, Fritz London (1900–1954) and, right, his brother Heinz (1907–1970).
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explanation. Felix Bloch is remembered for his epony-
mous theorem about waves in periodic potentials, but
his failure to make progress with understanding super-
conductivity reduced him to formulate a tongue-in-
cheek statement that also became known at the time 
as Bloch’s theorem: “the only theorem about super-
conductivity that can be proved is that any theory of su-
perconductivity is refutable” or, more succinctly,
“superconductivity is impossible”.

The crucial clue came from the famous 1933 experi-
ment of Walther Meissner and Robert Ochsenfeld.
They showed that a superconductor cooled to below its
transition temperature in an applied magnetic field
suddenly expels that magnetic field. In this “Meissner
effect”, surface superconducting electrical currents
(supercurrents) flow around the superconductor in
such a way as to shield the interior from the applied
magnetic field. These circulating supercurrents oppose
the applied magnetic field, so that deep within the
superconductor the magnetic field is close to zero – an
effect known as perfect diamagnetism. Fritz London
realized that this perfect diamagnetism is even more
central to the behaviour of a superconductor than per-
fect conductivity. Until then perfect conductivity had
been thought of as the superconductor’s defining qual-
ity – hence the name – but London realized that it is
more of a by-product. While others had been trying 
to figure out how to formulate a new Ohm’s law for a
superconductor, in other words to find a relationship
between electric current and electric field, London saw
that what was needed was a new relation between elec-
tric current and magnetic field.

Existing theories had postulated some sort of accel-
eration equation: an electric field might not drive a cur-
rent (as it does in a conventional metal) but it might
cause one to accelerate. The perfect conductivity in a
superconductor meant that there could be no electric
field, but this absence of an electric field could be con-

sistent with an already accelerated current of carriers.
However, the equations that described this situation
only led to a screening of time-varying magnetic fields
and not time-independent ones, as evidently screened
in the Meissner–Ochsenfeld experiment, and so did not
account for the observations.

The London brothers instead insisted that the fun-
damental principle of superconductivity is the expul-
sion of magnetic fields. It was their conviction in this
line of thought that led to their 1934 eureka moment –
the one that caused Edith London’s bruised forehead.
They postulated an equation that links the magnetic
field to the electric current density and produces the
required screening of static magnetic fields and hence
the Meissner effect (see box on page 27). This equation
and the brothers’ modified version of an acceleration
equation became known as the London equations,
which they published in 1935 (Proc. R. Soc. A 149 71).
Their theory also predicted a length scale over which a
magnetic field can penetrate through the surface of a
superconductor, which became known as the London
penetration depth (figure 1).

When the money runs out

In formulating their theory, the London brothers made
the most significant progress in our understanding of
superconductors in the first half of the 20th century.
However, their situation at Oxford was precarious.
Their 1935 paper contains a fulsome acknowledgment
to “Professor F A Lindemann, FRS, for his kind hos-
pitality at the Clarendon Laboratory” and also to “Im-
perial Chemical Industries whose generous assistance
to one of us has enabled us to undertake this work”.
However, the hospitality and generosity were coming
to an end.

By 1936 the ICI money that had funded the refugee
scientists had dried up and Lindemann could not find
funds to offer positions to all of them: he had to make

The London penetration depth, which is the distance a magnetic field can penetrate into a superconductor, can be inferred using various experimental techniques. Since
the 1990s, Elvezio Morenzoni and co-workers at the Paul Scherrer Institute in Switzerland have developed a method of measuring it directly. They use spin-polarized
positive muons as a probe. These particles are slowed or “moderated” to a low energy and then reaccelerated into the surface of a superconductor by applying a voltage
to it. By varying this voltage, the muons can be implanted at different depths. A magnetic field is then applied and the spin of the muon precesses at a rate that depends
on the field it experiences. Measuring this rotational speed of the spin of the muon yields the magnetic field inside the superconductor at different depths, and hence the
London penetration depth can be extracted.
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a choice. Heinz was in a junior position without any
expectation of remaining at Oxford, and so took an
appointment at the University of Bristol, but Fritz
entertained hopes of staying on. Schrödinger was a big
name and was clearly a high priority for Lindemann to
keep, though Schrödinger subsequently left anyway
and settled in Dublin. Lindemann also wanted to retain
the famous Simon. Fritz London, who had apparently
only produced some obscure theoretical work with his
brother, which few at Oxford really understood, was
told that his contract was at an end.

Fritz therefore accepted an offer of another tempor-
ary research position in Paris, where he stayed for three
years, eventually leaving for a permanent academic
position at Duke University in North Carolina. Fritz
and his wife departed from France in September 1939,
though because of their German passports they were
not permitted to sail on the ship they had planned to
board and they were forced to take a later one. This was
just as well, as German U-boats torpedoed the earlier
ship, with great loss of life.

Macroscopic quantum coherence

Through work begun in Oxford and furthered in Paris,
Fritz London grasped that superconductivity is an
example of quantum coherence writ large – not on the
scale of a single atom a fraction of a nanometre across,
but on the scale of a piece of superconducting wire
centimetres across. He coined the phrase macroscopic
quantum phenomenon to categorize superconductiv-
ity: a macroscopic sample of superconductor behaves
like a giant atom.

In a normal metal, electrons have the freedom to
occupy many different quantum states, but London
realized that the carriers in a superconductor are far
more constrained. As London put it: “If the various su-
percurrents really were to correspond to a continuum
of different quantum states, it would seem extremely

hard to understand how a supercurrent could resist so
many temptations to dissipate into other states.” By
locking all the carriers into a single quantum state the
supercurrent is fixed to a single value and has no free-
dom to do anything else. This means that a supercur-
rent flowing around a loop of wire keeps going on and
on, endlessly circulating without dissipation.

London noticed that this behaviour is reminiscent of
the orbits of electrons around an atom: the energy and
angular momentum of an electron in an atom are re-
stricted to certain quantized values, because the elec-
tronic wavefunction is coherent around the atom. In
1948, still at Duke, he deduced that because the wave-
function in a superconductor is coherent, something
similar must occur. If one takes a loop of supercon-
ducting wire with a current flowing endlessly round it,
London showed that the magnetic flux penetrating the
loop should be quantized to certain fixed values (figure
2). A supercurrent travelling in a loop produces a mag-
netic field that is a precise signature of that supercur-
rent, and the quantization of magnetic flux is intimately
related to the nailing down of that supercurrent to 
a single quantum state. London calculated that the
quantum of magnetic flux would be exceedingly tiny
and thus impossible to observe with techniques avail-
able at the time. In fact, it was not until 1961, four years
after London’s death in 1957, that magnetic flux quan-
tization was experimentally observed by Robert Doll
and Martin Näbauer, and, independently, by Bascom S
Deaver Jr and William Fairbank.

By that time, the remarkable achievement of Bar-
deen, Robert Cooper and Leon Schrieffer had pro-
vided the world with a wonderfully complete theory of
superconductivity that explained most of the proper-
ties that had been measured so far. The edifice of BCS
theory was built squarely on the foundations provided
by Fritz London and his concept of a coherent and
rigid wavefunction. London’s vision of macroscopic
quantum coherence, where the subtle absurdities of
quantum mechanics are writ large, is now a firmly
established part of physics, but is no less wonderful or
surprising for that.

Bardeen demonstrated his respect for Fritz London’s
work by using his cut of the 1972 Nobel prize (he also
shared the 1956 prize for discovering the transistor) to
fund the Fritz London memorial prize, which recog-
nizes outstanding contributions to low-temperature
physics. Duke University has a chair named in his
honour, and Fritz London’s life has been recorded in
Kostas Gavroglu’s superb 1995 biography. But what is
striking is how little known the London brothers are,
and in particular the lack of recognition they receive
today at the very institution where they came up with
those paradigm-changing equations. Perhaps the rea-
son is that Lindemann, who was inordinately proud of
his achievement in getting various Jewish scientists out
of Germany in the 1930s, did not want to be reminded
of the one he was forced to get rid of. In this centenary
year of superconductivity I am ensuring that photo-
graphs of the London brothers will be hung in the
Clarendon Laboratory, and am enthusiastic about pub-
licizing their remarkable contribution to making quan-
tum mechanics move out of the microscopic world of
atoms and into our own. ■

The magnetic flux through a hole in a superconductor is related to the
supercurrent around the inside of the hole. Because the supercurrent
(light blue) is phase coherent, the phase of the wavefunction must
wind an integer number of times around the loop (shown schematically
by yellow and purple rods), which leads to the magnetic flux (red)
being quantized. The number of times the wavefunction winds round
the loop – here three – is equal to the number of magnetic flux quanta
through the loop.

2 Magnetic flux quanta In formulating
their theory, the
London brothers
made the 
most significant
progress in our
understanding of
superconductors
in the first half of
the 20th century
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1957

John Bardeen, Leon Cooper and Robert 
Schrieffer publish their (BCS) theory, which 
builds on the idea of Cooper pairs proposed 
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electrons together as one wavefunction. 
The theory predicts that superconductivity 
cannot occur much above 20 K
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In the 100 years since the discovery of superconductivity, progress has come in fits and starts. The graphic below shows various types of superconductor 
sprouting into existence, from the conventional superconductors to the rise of the copper oxides, as well as the organics and the most recently 
discovered iron oxides. Experimental progress has relied on fortuitous guesses, while it was not until 1957 that theorists were finally able to explain 
how current can flow indefinitely and a magnetic field can be expelled. The idea that the theory was solved was overturned in 1986 with the discovery 
of materials that superconduct above the perceived theoretical limit, leaving theorists scratching their heads to this day. In this timeline, Physics World 
charts the key events, the rise in record transition temperatures and the Nobel Prizes for Physics awarded for progress in superconductivity.

1962

Brian Josephson predicts 
that a current will pass 
between two superconductors 
separated by an insulating 
barrier. Two of these 
“Josephson junctions” 
wired in parallel form a 
superconducting quantum 
interference device (SQUID) 
that can measure very weak 
magnetic fields

2006

Hideo Hosono and colleagues 
discover superconductivity 
in an iron compound. The 
highest Tc found in these 
materials to date is 55 K

1987

Paul Chu and his team break the 77 K liquid-
nitrogen barrier and discover superconductivity at 
93 K in a compound containing yttrium, barium, 
copper and oxygen, now known as “YBCO”

1986

Georg Bednorz (right) and Alexander 
Müller (left) find superconductivity at 
30 K, over the 20 K limit of BCS theory, 
and not in a metal, but a ceramic 

2001

Jun Akimitsu announces that 
the cheap and simple chemical 
magnesium diboride (MgB2) 
superconducts up to 39 K

1981 

Superconductivity is found by Klaus 
Bechgaard and colleagues in a 
salt – the first organic material to 
superconduct at ambient pressure. To 
date the organic superconductor with 
the highest Tc is Cs3C60 at 38 K

1957

John Bardeen, Leon Cooper and Robert 
Schrieffer publish their (BCS) theory, which 
builds on the idea of Cooper pairs proposed 
the previous year, and describes all the 
electrons together as one wavefunction. 
The theory predicts that superconductivity 
cannot occur much above 20 K
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Lev Landau
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Vitaly Ginzburg 

1987

Georg Bednorz 
Alexander Müller

1973

Brian Josephson 

Im
ag

e 
cr

ed
it

s 
(l

ef
t t

o 
ri

gh
t)

: P
hy

si
cs

 T
od

ay
 C

ol
le

ct
io

n/
Am

er
ic

an
 In

st
it

ut
e 

of
 P

hy
si

cs
/S

ci
en

ce
 P

ho
to

 L
ib

ra
ry

; W
ik

im
ed

ia
 C

om
m

on
s;

 E
ye

 o
f S

ci
en

ce
/S

ci
en

ce
 P

ho
to

 L
ib

ra
ry

; U
ni

ve
rs

it
y 

of
 B

ir
m

in
gh

am
 C

on
so

rt
iu

m
 o

n 
H

ig
h 

T c
 S

up
er

co
nd

uc
to

rs
/

S
ci

en
ce

 P
ho

to
 L

ib
ra

ry
; Y

 K
oh

sa
ka

/C
or

ne
ll 

U
ni

ve
rs

it
y/

R
IK

EN
; E

m
ili

o 
S

eg
rè

 V
is

ua
l A

rc
hi

ve
s/

Am
er

ic
an

 In
st

it
ut

e 
of

 P
hy

si
cs

/S
ci

en
ce

 P
ho

to
 L

ib
ra

ry
; S

up
er

co
nd

. S
ci

. T
ec

hn
ol

. 2
1

 1
25

0
28

boiling point of 
liquid nitrogen

PWApr11timeline.indd   2 22/03/2011   10:20



My involvement with high-temperature superconduc-
tors began in the autumn of 1986, when a student in my
final-year course on condensed-matter physics at the
University of Birmingham asked me what I thought
about press reports concerning a new superconductor.
According to the reports, two scientists working in
Zurich, Switzerland – J Georg Bednorz and K Alex
Müller – had discovered a material with a transition
temperature, Tc, of 35 K – 50% higher than the previ-
ous highest value of 23 K, which had been achieved
more than a decade earlier in Nb3Ge.

In those days, following this up required a walk to the
university library to borrow a paper copy of the ap-
propriate issue of the journal Zeitschrift für Physik B. I

reported back to the students that I was not convinced
by the data, since the lowest resistivity that Bednorz and
Müller (referred to hereafter as “B&M”) had observed
might just be comparable with that of copper, rather
than zero. In any case, the material only achieved zero
resistivity at ~10 K, even though the drop began at the
much higher temperature of 35 K (figure 1).

In addition, the authors had not, at the time they sub-
mitted the paper in April 1986, established the com-
position or crystal structure of the compound they
believed to be superconducting. All they knew was that
their sample was a mixture of different phases con-
taining barium (Ba), lanthanum (La), copper (Cu) and
oxygen (O). They also lacked the equipment to test

A quarter of a century ago, they were the hottest thing in physics, with a 1987 conference session about
them going down in history as “the Woodstock of physics”. So what happened next for high-temperature
superconductors? Ted Forgan recalls those euphoric early days and assesses the remaining challenges
in this still-developing field

Ted Forgan is a
condensed-matter
physicist at the
University of
Birmingham, UK, 
e-mail e.m.forgan@
bham.ac.uk
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whether the sample expelled a magnetic field, which is
a more fundamental property of superconductors than
zero resistance, and is termed the Meissner effect. No
wonder B&M had carefully titled their paper “Possible
high Tc superconductivity in the Ba–La–Cu–O system”
(my italics).

My doubt, and that of many physicists, was caused
by two things. One was a prediction made in 1968 by
the well-respected theorist Bill McMillan, who pro-
posed that there was a natural upper limit to the poss-
ible Tc for superconductivity – and that we were
probably close to it. The other was the publication in
1969 of Superconductivity, a two-volume compendium
of articles by all the leading experts in the field. As 
one of them remarked, this book would represent “the
last nail in the coffin of superconductivity”, and so it
seemed: many people left the subject after that, feeling
that everything important had already been done in
the 58 years since its discovery.

In defying this conventional wisdom, B&M based
their approach on the conviction that superconductivity
in conducting oxides had been insufficiently exploited.
They hypothesized that such materials might harbour
a stronger electron–lattice interaction, which would
raise the Tc according to the theory of superconductivity
put forward by John Bardeen, Leon Cooper and Robert

Schrieffer (BCS) in 1957 (see box on page 35). For two
years B&M worked without success on oxides that con-
tained nickel and other elements. Then they turned to
oxides containing copper – cuprates – and the results
were as the Zeitschrift für Physik B paper indicated: a
tantalizing drop in resistivity.

What soon followed was a worldwide rush to build on
B&M’s discovery. As materials with still higher Tc were
found, people began to feel that the sky was the limit.
Physicists found a new respect for oxide chemists as
every conceivable technique was used first to measure
the properties of these new compounds, and then to
seek applications for them. The result was a blizzard of
papers. Yet even after an effort measured in many tens
of thousands of working years, practical applications
remain technically demanding, we still do not properly
understand high-Tc materials and the mechanism of
their superconductivity remains controversial.

The ball starts rolling

Although I was initially sceptical, others were more
accepting of B&M’s results. By late 1986 Paul Chu’s
group at the University of Houston, US, and Shoji
Tanaka’s group at Tokyo University in Japan had con-
firmed high-Tc superconductivity in their own Ba–La–
Cu–O samples, and B&M had observed the Meissner
effect. Things began to move fast: Chu found that by
subjecting samples to about 10 000 atmospheres of
pressure, he could boost the Tc up to ~50 K, so he also
tried “chemical pressure” – replacing the La with the
smaller ion yttrium (Y). In early 1987 he and his col-
laborators discovered superconductivity in a mixed-
phase Y–Ba–Cu–O sample at an unprecedented 93 K –
well above the psychological barrier of 77 K, the boil-
ing point of liquid nitrogen. The publication of this
result at the beginning of March 1987 was preceded by
press announcements, and suddenly a bandwagon was
rolling: no longer did superconductivity need liquid
helium at 4.2 K or liquid hydrogen at 20 K, but instead
could be achieved with a coolant that costs less than
half the price of milk.

Chu’s new superconducting compound had a 
rather different structure and composition than the one
that B&M had discovered, and the race was on to
understand it. Several laboratories in the US, the
Netherlands, China and Japan established almost
simultaneously that it had the chemical formula
YBa2Cu3O7–d, where the subscript 7–d indicates a vary-
ing content of oxygen. Very soon afterwards, its exact
crystal structure was determined, and physicists rapidly
learned the word “perovskite” to describe it (see box
on page 37). They also adopted two widely used abbre-
viations, YBCO and 123 (a reference to the ratios of Y,
Ba and Cu atoms) for its unwieldy chemical formula.

The competition was intense. When the Dutch re-
searchers learned from a press announcement that
Chu’s new material was green, they deduced that the
new element he had introduced was yttrium, which can
give rise to an insulating green impurity with the chem-
ical formula Y2BaCuO5. They managed to isolate the
pure 123 material, which is black in colour, and the
European journal Physica got their results into print
first. However, a group from Bell Labs was the first to
submit a paper, which was published soon afterwards

Adapted from J Georg Bednorz and K Alex Müller’s landmark paper, this
graph heralded the beginning of high-temperature superconductivity. 
It shows that the resistivity of their barium–lanthanum–copper-oxide
compound rises as its temperature is reduced, reaching a value about
5000 times that of copper before it begins to fall at ~35 K. Such
behaviour is quite different from that of simple metals, for which the
resistivity generally falls smoothly as the temperature is reduced, 
with a sharp drop to zero if they become superconducting. The circles
and crosses represent measurements at low and high current
densities, respectively.
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in the US journal Physical Review Letters. This race
illustrates an important point: although scientists may
high-mindedly and correctly state that their aim and
delight is to discover the workings of nature, the desire
to be first is often a very strong additional motivation.
This is not necessarily for self-advancement, but for the
buzz of feeling (perhaps incorrectly in this case) “I’m
the only person in the world who knows this!”.

“The Woodstock of physics”

For high-Tc superconductivity, the buzz reached fever
pitch at the American Physical Society’s annual
“March Meeting”, which in 1987 was held in New York.
The week of the March Meeting features about 30 gru-
elling parallel sessions from dawn till after dusk, where
a great many condensed-matter physicists present their
latest results, fill postdoc positions, gossip and net-
work. The programme is normally fixed months in
advance, but an exception had to be made that year and
a “post-deadline” session was rapidly organized for the
Wednesday evening in the ballroom of the Hilton
Hotel. This space was designed to hold 1100 people,
but in the event it was packed with nearly twice that
number, and many others observed the proceedings
on video monitors outside.

Müller and four other leading researchers gave talks
greeted with huge enthusiasm, followed by more than
50 five-minute contributions, going on into the small
hours. This meeting gained the full attention of the
press and was dubbed “the Woodstock of physics” in

recognition of the euphoria it generated – an echo of
the famous rock concert held in upstate New York in
1969. The fact that so many research groups were able
to produce results in such a short time indicated that
the B&M and Chu discoveries were “democratic”,
meaning that anyone with access to a small furnace (or
even a pottery kiln) and a reasonable understanding of
solid-state chemistry could confirm them.

With so many people contributing, the number of
papers on superconductivity shot up to nearly 10 000 in
1987 alone. Much information was transmitted infor-
mally: it was not unusual to see a scientific paper with
“New York Times, 16 February 1987” among the refer-
ences cited. The B&M paper that began it all has been
cited more than 8000 times and is among the top 10
most cited papers of the last 30 years. It is noteworthy
that nearly 10% of these citations include misprints,
which may be because of the widespread circulation of
faxed photocopies of faxes. One particular misprint, an
incorrect page number, occurs more than 250 times,
continuing to the present century. We can trace this
particular “mutant” back to its source: a very early and
much-cited paper by a prominent high-Tc theorist.
Many authors have clearly copied some of their cita-
tions from the list at the end of this paper, rather than
going back to the originals. There have also been nu-
merous sightings of “unidentified superconducting
objects” (USOs), or claims of extremely high transition
temperatures that could not be reproduced. One sus-
pects that some of these may have arisen when a voltage

Although superconductivity was observed for the
first time in 1911, there was no microscopic
theory of the phenomenon until 1957, when 
John Bardeen, Leon Cooper and Robert Schrieffer
made a breakthrough. Their “BCS” theory – which
describes low-temperature superconductivity,
though it requires modification to describe 
high-Tc – has several components. One is the
idea that electrons can be paired up by a weak
interaction, a phenomenon now known as
Cooper pairing. Another is that the “glue” that
holds electron pairs together, despite their
Coulomb repulsion, stems from the interaction 
of electrons with the crystal lattice – as described
by Bardeen and another physicist, David Pines, 
in 1955. A simple way to think of this interaction
is that an electron attracts the positively charged
lattice and slightly deforms it, thus making a
potential well for another electron. This is rather
like two sleepers on a soft mattress, who each 
roll into the depression created by the other. 
It is this deforming response that caused 
Bill McMillan to propose in 1968 that there
should be a maximum possible Tc: if the
electron–lattice interaction is too strong, the
crystal may deform to a new structure instead of
becoming superconducting.

The third component of BCS theory is the idea
that all the pairs of electrons are condensed into
the same quantum state as each other – like the

photons in a coherent laser beam, or the atoms
in a Bose–Einstein condensate. This is possible
even though individual electrons are fermions
and cannot exist in the same state as each other,
as described by the Pauli exclusion principle.
This is because pairs of electrons behave
somewhat like bosons, to which the exclusion
principle does not apply. The wavefunction
incorporating this idea was worked out by
Schrieffer (then a graduate student) while he
was sitting in a New York subway car.

Breaking up one of these electron pairs
requires a minimum amount of energy, Δ, per
electron. At non-zero temperatures, pairs are
constantly being broken up by thermal
excitations. The pairs then re-form, but when they

do so they can only rejoin the state occupied by
the unbroken pairs. Unless the temperature is
very close to Tc (or, of course, above it) there is
always a macroscopic number of unbroken
pairs, and so thermal excitations do not change
the quantum state of the condensate. It is this
stability that leads to non-decaying
supercurrents and to superconductivity. Below
Tc, the chances of all pairs getting broken at the
same time are about as low as the chances that
a lump of solid will jump in the air because all
the atoms inside it are, coincidentally, vibrating
in the same direction. In this way, the BCS theory
successfully accounted for the behaviour of
“conventional” low-temperature
superconductors such as mercury and tin.

It was soon realized that BCS theory can be
generalized. For instance, the pairs may be held
together by a different interaction than that
between electrons and a lattice, and two
fermions in a pair may have a mutual angular
momentum, so that their wavefunction varies
with direction – unlike the spherically symmetric,
zero-angular-momentum pairs considered by
BCS. Materials with such pairings would be
described as “unconventional superconductors”.
However, there is one aspect of superconductivity
theory that has remained unchanged since BCS:
we do not know of any fermion superconductor
without pairs of some kind.

The BCS theory of superconductivity
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lead became badly connected as a sample was cooled;
of course, this would cause the voltage measured across
a current-carrying sample to drop to zero.

Meanwhile, back in Birmingham, Chu’s paper was
enough to persuade us that high-Tc superconductivity
was real. Within the next few weeks, we made our own
superconducting sample at the second attempt, and
then hurried to measure the flux quantum – the basic
unit of magnetic field that can thread a superconduct-
ing ring. According to the BCS theory of superconduc-
tivity, this flux quantum should have the value h/2e, with
the factor 2 representing the pairing of conduction
electrons in the superconductor. This was indeed the
value we found (figure 2). We were amused that the
accompanying picture of our apparatus on the front
cover of Nature included the piece of Blu-Tack we used
to hold parts of it together – and pleased that when
B&M were awarded the 1987 Nobel Prize for Physics
(the shortest gap ever between discovery and award),
our results were reproduced in Müller’s Nobel lecture.

Unfinished business

In retrospect, however, our h/2e measurement may
have made a negative contribution to the subject, since
it could be taken to imply that high-Tc superconductiv-
ity is “conventional” (i.e. explained by standard BCS
theory), which it certainly is not. Although B&M’s
choice of compounds was influenced by BCS theory,
most (but not all) theorists today would say that the
interaction that led them to pick La–Ba–Cu–O is not
the dominant mechanism in high-Tc superconductiv-
ity. Some of the evidence supporting this conclusion
came from several important experiments performed
in around 1993, which together showed that the paired
superconducting electrons have l = 2 units of relative
angular momentum. The resulting wavefunction has a
four-leaf-clover shape, like one of the d-electron states
in an atom, so the pairing is said to be “d-wave”. In such
l = 2 pairs, “centrifugal force” tends to keep the con-
stituent electrons apart, so this state is favoured if there
is a short-distance repulsion between them (which is
certainly the case in cuprates). This kind of pairing 
is also favoured by an anisotropic interaction expected
at larger distances, which can take advantage of 
the clover-leaf wavefunction. In contrast, the original
“s-wave” or l = 0 pairing described in BCS theory
would be expected if there is a short-range isotropic
attraction arising from the electron–lattice interaction.

These considerations strongly indicate that the
electron–lattice interaction (which in any case appears
to be too weak) is not the cause of the high Tc. As for
the actual cause, opinion tends towards some form of
magnetic attraction playing a role, but agreement on
the precise mechanism has proved elusive. This is
mainly because the drop in electron energy on enter-
ing the superconducting state is less than 0.1% of the
total energy (which is about 1 eV), making it extremely
difficult to isolate this change.

On the experimental side, the maximum Tc has been
obstinately stuck at about halfway to room temperature
since the early 1990s. There have, however, been a num-
ber of interesting technical developments. One is the
discovery of superconductivity at 39 K in magnesium
diboride (MgB2), which was made by Jun Akimitsu in
2001. This compound had been available from chemical
suppliers for many years, and it is interesting to specu-
late how history would have been different if its su-
perconductivity had been discovered earlier. It is now
thought that MgB2 is the last of the BCS superconduc-
tors, and no attempts to modify it to increase the Tc fur-
ther have been successful. Despite possible applications
of this material, it seems to represent a dead end.

In the same period, other interesting families of su-
perconductors have also been discovered, including the
organics and the alkali-metal-doped buckyball series.
None, however, have raised as much excitement as the
development in 2008 (by Hideo Hosono’s group at
Tokyo University) of an iron-based superconductor
with Tc above 40 K. Like the cuprate superconductors
before them, these materials also have layered struc-
tures, typically with iron atoms sandwiched between
arsenic layers, and have to be doped to remove anti-
ferromagnetism. However, the electrons in these ma-
terials are less strongly interacting than they are in the
cuprates, and because of this, theorists believe that they

When a ring of YBa2Cu3O7–d is subjected to deliberate
electromagnetic interference, the magnetic flux jumps in and out of
the ring in integer multiples of the flux quantum (top). In accordance
with BCS theory, the value of this flux quantum was measured to be
h/2e. The photograph (bottom) shows the apparatus used to
measure the flux quantum – complete with Blu-Tack. (Adapted from 
C E Gough et al. 1987 Nature 326 855)
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maximum Tc has been obstinately
stuck at about halfway to room
temperature since the early 1990s
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will be an easier nut to crack. A widely accepted model
posits that the electron pairing mainly results from a
repulsive interaction between two different groups of
carriers, rather than attraction between carriers within
a group. Even though the Tc in these “iron pnictide”
superconductors has so far only reached about 55 K,
the discovery of these materials is a most interesting
development because it indicates that we have not yet
scraped the bottom of the barrel for new mechanisms
and materials for superconductivity, and that research
on high-Tc superconductors is still a developing field.

A frictionless future?

So what are the prospects for room-temperature super-
conductivity? One important thing to remember is that
even supposing we discover a material with Tc ~ 300 K,
it would still not be possible to make snooker tables with
levitating frictionless balls, never mind the levitating
boulders in the film Avatar. Probably 500 K would be
needed, because we observe and expect that as Tc gets
higher, the electron pairs become smaller. This means
that thermal fluctuations become more important,
because they occur in a smaller volume and can more
easily lead to a loss of the phase coherence essential to
superconductivity. This effect, particularly in high mag-

netic fields, is already important in current high-Tc ma-
terials and has led to a huge improvement in our un-
derstanding of how lines of magnetic flux “freeze” in
position or “melt” and move, which they usually do near
to Tc, and give rise to resistive dissipation.

Another limitation, at least for the cuprates, is the
difficulty of passing large supercurrents from one crys-
tal to the next in a polycrystalline material. This partly
arises from the fact that in such materials, the super-
currents only flow well in the copper-oxide planes. In
addition, the coupling between the d-wave pairs in two
adjacent crystals is very weak unless the crystals are
closely aligned so that the lobes of their wavefunctions
overlap. Furthermore, the pairs are small, so that even
the narrow boundaries between crystal grains present
a barrier to their progress. None of these problems
arise in low-Tc materials, which have relatively large
isotropic pairs.

For high-Tc materials, the solution, developed in
recent years, is to form a multilayered flexible tape in
which one layer is an essentially continuous single crys-
tal of 123 (figure 3). Such tapes are, however, expen-
sive because of the multiple hi-tech processes involved
and because, unsurprisingly, ceramic oxides cannot be
wound around sharp corners. It seems that even in

Perovskites are crystals that have long been
familiar to inorganic chemists and mineralogists
in contexts other than superconductivity.
Perovskite materials containing titanium and
zirconium, for example, are used as ultrasonic
transducers, while others containing manganese
exhibit very strong magnetic-field effects on their
electrical resistance (“colossal
magnetoresistance”). One of the simplest
perovskites, strontium titanate (SrTiO3), is
shown in the top image. In this material, Ti4+ ions
(blue) are separated by O2– ions (red) at the
corners of an octahedron, with Sr2+ ions (green)
filling the gaps and balancing the charge.

Bednorz and Müller (B&M) chose to
investigate perovskite-type oxides (a few of
which are conducting) because of a
phenomenon called the Jahn–Teller effect,
which they believed might provide an increased
interaction between the electrons and the crystal
lattice. In 1937 Hermann Arthur Jahn and
Edward Teller predicted that if there is a
degenerate partially occupied electron state in a
symmetrical environment, then the surroundings
(in this case the octahedron of oxygen ions
around copper) would spontaneously distort to
remove the degeneracy and lower the energy.
However, most recent work indicates that the
electron–lattice interaction is not the main driver
of superconductivity in cuprates – in which case
the Jahn–Teller theory was only useful because it
led B&M towards these materials!

The most important structural feature of the
cuprate perovskites, as far as superconductivity
is concerned, is the existence of copper-oxide

layers, where copper ions in a square array are
separated by oxygen ions. These layers are the
location of the superconducting carriers, and
they must be created by varying the content of
oxygen or one of the other constituents –
“doping” the material. We can see how this works
most simply in B&M’s original compound, which
was La2CuO4 doped with Ba to give La2–xBaxCuO4

(x ~0.15 gives the highest Tc). In ionic
compounds, lanthanum forms La3+ ions, so in
La2CuO4 the ionic charges all balance if the
copper and oxygen ions are in their usual Cu2+

(as in the familiar copper sulphate, CuSO4) and
O2– states. La2CuO4 is insulating even though
each Cu2+ ion has an unpaired electron, as these
electrons do not contribute to electrical
conductivity because of their strong mutual
repulsion. Instead, they are localized, one to
each copper site, and their spins line up
antiparallel in an antiferromagnetic state. If
barium is incorporated, it forms Ba2+ ions, so that
the copper and oxygen ions can no longer have
their usual charges, thus the material becomes
“hole-doped”, the antiferromagnetic ordering is
destroyed and the material becomes both a
conductor and a superconductor. YBa2Cu3O7–d or
“YBCO” (bottom) behaves similarly, except that
there are two types of copper ions, inside and
outside the CuO2 planes, and the doping is
carried out by varying the oxygen content. This
material contains Y3+ (yellow) and Ba2+ (purple)
ions, copper (blue) and oxygen (red) ions. When
d ~ 0.03, the hole-doping gives a maximum Tc;
when d is increased above ~0.7, YBCO becomes
insulating and antiferromagnetic.

The amazing perovskite family
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existing high-Tc materials, nature gave with one hand,
but took away with the other, by making the materials
extremely difficult to use in practical applications.

Nevertheless, some high-Tc applications do exist 
or are close to market. Superconducting power line
“demonstrators” are undergoing tests in the US and
Russia, and new cables have also been developed that
can carry lossless AC currents of 2000 A at 77 K. Such
cables also have much higher current densities than
conventional materials when they are used at 4.2 K in
high-field magnets. Superconducting pick-up coils
already improve the performance of MRI scanners,
and superconducting filters are finding applications in
mobile-phone base stations and radio astronomy.

In addition to the applications, there are several
other positive things that have arisen from the dis-
covery of high-Tc superconductivity, including huge
developments in techniques for the microscopic in-
vestigation of materials. For example, angle-resolved
photo-electron spectroscopy (ARPES) has allowed us
to “see” the energies of occupied electron states in
ever-finer detail, while neutron scattering is the ideal
tool with which to reveal the magnetic properties of
copper ions. The advent of high-Tc superconductors
has also revealed that the theoretical model of weakly
interacting electrons, which works so well in simple
metals, needs to be extended. In cuprates and many
other materials investigated in the last quarter of a
century, we have found that the electrons cannot be
treated as a gas of almost independent particles.

The result has been new theoretical approaches and
also new “emergent” phenomena that cannot be pre-
dicted from first principles, with unconventional super-
conductivity being just one example. Other products
of this research programme include the fractional
quantum Hall effect, in which entities made of elec-
trons have a fractional charge; “heavy fermion” metals,
where the electrons are effectively 100 times heavier
than normal; and “non-Fermi” liquids in which elec-
trons do not behave like independent particles. So is
superconductivity growing old after 100 years? In a
numerical sense, perhaps – but quantum mechanics is
even older if we measure from Planck’s first introduc-
tion of his famous constant, yet both are continuing to
spring new surprises (and are strongly linked together).
Long may this continue! ■

The make up of a second-generation superconducting wire, showing the multiple
layers required to achieve good conductivity in the YBCO. Layers of copper (Cu)
protect against transient resistive voltages, while layers of lanthanum manganate
(LMO) and two types of MgO form substrates for growing single-crystal YBCO films.

Cu

Cu
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3 Wired for superconductivity
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A century on from the discovery of superconductivity,
we still do not know how to design superconductors that
can be really useful in the everyday world. Despite this
seemingly downbeat statement, I remain enthusiastic
about the search for new superconducting materials.
Although my own research in this area has had its share
of null results and knock-backs, in that I am in good
company with the true leaders in the field. Optimism
abounds, and the past couple of years have seen a re-
newed passion, with researchers worldwide wanting to
work together to find a way to design new materials that
we know in advance will function as superconductors.

That would be very different from most of the dis-
coveries in superconductivity, which have often been
serendipitous. Indeed, the main quest of Heike Kamer-
lingh Onnes was to liquefy gases, and only after man-
aging to liquefy helium in 1908 did he set his Leiden lab
to work on a study of the properties of metals at low
temperature. The choice of sample was fortunate –
mercury was used because it is a liquid at ambient tem-
perature and so could easily be purified. The discovery
of its dramatic drop in resistance when cooled to 4 K,
which we now know to be the critical temperature, Tc,
was an unexpected and fortuitous surprise.

In subsequent years, increasing the critical tempera-
ture was achieved by systematic experimental tests of
elements, alloys and compounds, predominantly led by

Bernd Matthias from about 1950, who in doing so be-
came the first researcher to discover a new class of
superconductors. To begin with, the only known super-
conductors were elements, but Matthias found super-
conductivity in various combinations of elements that
on their own are non-superconducting. The earliest of
these was the ferromagnetic element cobalt combined
with the semiconductor silicon to form CoSi2. What
changed the game was the discovery by John Hulm and
his graduate student George Hardy at the University
of Chicago in 1952 of the vanadium–silicon compound
V3Si, the first of the then-called high-Tc superconduc-
tors. This was a completely new class of superconduc-
tors – known as the A15s \(a particular crystal structure
of the chemical formula A3B, where A is a transition
metal) – and it enabled Matthias to discover more than
30 compounds of this type, with values of Tc that ranged
up to 18 K in the case of Nb3Ge.

Increasing the critical superconducting temperature
is certainly what most interests the media, but it is not
the only property with which to rank new supercon-
ductors. The A15s were the first family of supercon-
ductors that maintained a high critical current density,
Jc, in the presence of strong magnetic fields, which is
crucial for all current-carrying applications. In 1963
Hulm, then with co-workers at the Westinghouse Re-
search Laboratories, developed the first commercial

The discovery of high-temperature iron-based superconductors in 2008 thrilled researchers because it
indicated that there could be another – more useful – class of superconductors just waiting to be found.
Laura H Greene shares that enthusiasm and calls for global collaboration to reveal these new materials
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superconducting wires, based on random alloys of
niobium–titanium, a material discovered at the Ruth-
erford Appleton Laboratory in the UK. Although
niobium–titanium alloys exhibit a lower Tc and Jc than
the A15s, they were chosen for wires because they are
malleable, reliable and can be used in nearly all prac-
tical applications, including the medical technique of
magnetic resonance imaging (MRI). Despite the im-
portance of a high Jc, achievements in this area receive
little recognition compared with progress in increasing
Tc. But as my former boss, John Rowell, stated at the
retirement party of Jack Wernick, who is noted for the
discovery of several A15s, “High-Tc wins Nobel prizes;
high Jc saves lives.” So although the search for new fam-
ilies of higher-Tc superconductors is what makes the
headlines, what really matters when it comes to appli-
cations is a high value of Jc and mechanical properties
that are good for making wires.

In 1979 Frank Steglish and colleagues discovered
superconductivity in materials containing rare earths
(elements with a 4f electron orbital) or actinides (those
with a 5f electron orbital). These compounds are called
the “heavy fermions”, because with antiferromagnetic
ground states, and at low temperatures, the itinerant
electrons behave as if they have masses up to 1000
times larger than the free-electron mass. This discovery
was significant because the heavy fermions were the

first truly tunable superconductors, through a compe-
tition between superconductivity and magnetic order.
But what was even more important was that heavy-
fermion superconductors did not follow the rule book:
for the first time, the brilliant Bardeen–Cooper–
Schrieffer (BCS) theory of superconductivity was
shown to break down. BCS theory explains what is
happening at the microscopic level – it involves paired
electrons known as “Cooper pairs” travelling around
the crystal lattice – and this part of the theory remains
robust in all the known superconductors. But the
microscopic mechanism for superconductivity in all
previously found superconductors was attributed in
BCS to electron–phonon coupling, which was not
sufficient to cause the electron pairing in the new
heavy-fermion superconductors (figure 1).

Before the heavy fermions were discovered, it was
accepted that any kind of magnetism would harm the
superconducting state. But in this new class of super-
conductor the magnetism appeared integral to the
strength of the superconductivity. Another exciting
aspect of this class is that higher-Tc heavy-fermion super-
conductors – in particular the “115” series beginning
with the discovery of CeCoIn5 – were not discovered
purely by serendipity, but driven by guidelines learned
from many preceding substitution and pressure studies.

New classes

Enter the high-Tc oxides. First was the sensational re-
volution of the copper oxides, or “cuprates”: Georg
Bednorz and Alex Müller discovered LaBaCuO in 1986
with a Tc of 40 K, and subsequently Maw-Kuen Wu and
Ching-Wu (Paul) Chu discovered YBa2Cu3O7–d, or
“YBCO”, with a Tc of more than 90 K. (For more about
the high-Tc revolution, see “Resistance is futile” on page
33.) These transformative discoveries again relied on
guidelines put together by thoughtful and talented
physicists, but serendipity certainly played a factor. In-
deed, I believe the only discovery of a high-Tc system
that was driven predominantly by theory is Ba1–dKdBiO3,
or BKBO (to date at least): Len Mattheiss and Don Ha-
mann at Bell Labs used electronic-structure calcu-
lations of an earlier low-Tc system, Ba(Pb,Bi)O3, to
predict and then make BKBO, for which their colleague
Bob Cava drove the Tc to a respectable 30 K.

But what of materials with even higher transition
temperatures? Through a tremendous amount of hard
work worldwide by many talented physicists, transition
temperatures in the cuprates have been pushed up to
135K at ambient pressure and above 150K at high pres-
sure in HgBa2Ca2Cu3O8+d (also known as Hg-1223),
which was discovered in 1993. We were then left with
the idea that perhaps there were no other families of
high-Tc superconductors. Could it be that the cuprate
were the only high-Tc class we would ever find? The fear
was that systematic studies had already found the high-
est possible Tc.

But we had guidelines and ideas. Many of these were
published in a 2006 report for the US Department of
Energy, Basic Research Needs for Superconductivity.
Particularly of note in that report, which outlined the
prospects and potential of superconductivity, was our
canonical phase diagram (figure 2), which hinted that
we knew where to look: at the boundary between com-

The electrons in all superconductors form Cooper pairs, which carry the
superconducting current. This was accounted for in the Bardeen–
Cooper–Schrieffer (BCS) theory, and in conventional metallic
superconductors the microscopic mechanism was correctly identified
as electron–phonon coupling. Phonons are the quantized normal-mode
vibrations of a lattice, and a strong electron–phonon coupling means
that the lattice is “squishy” to the electron, like a soft mattress. As
shown in this figure, an electron can distort the lattice, which affects the
phonon, leaving something like a positive “wake” that later attracts the
second member of the Cooper pair. The two negatively charged
electrons are not bound in real space but are correlated through the
vibrational distortions they leave behind. This brilliant idea showed how
Coulomb’s law could be repealed. But in many novel superconducting
families, electron–phonon coupling alone cannot account for the
pairing, the explanation for which remains an unsolved mystery.

1 When a robust theory breaks down
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peting phases. This personifies the concept of “quan-
tum criticality”, where a phase transition occurs not
because of thermal fluctuations as in a typical thermo-
dynamic phase transition, but because of quantum-
mechanical fluctuations at zero temperature. The phase
diagram shows an antiferromagnetic insulator on the
left and a normal metal on the right. Where they meet at
the centre is the quantum critical point, and as that point
is approached, the quantum fluctuations of the com-
peting phases get stronger and a strange “emergent”
state of matter appears – in this case, high-temperature
superconductivity. The general rule was: the stronger
the competing phases, the stronger the emergent phase.
Those ideas remain, but where were these new families
of superconductors? Had we hit a dead end?

Finally, in 2008, a second class of high-Tc supercon-
ductor was discovered. Hideo Hosono at the Tokyo
Institute of Technology had discovered iron-based
superconductors two years earlier, and in January 2008
his first “high-Tc” paper on these materials was pub-
lished, which precipitated a renewed excitement and a
frenzy of activity. Within four months, Zhongxian
Zhao’s group at the Institute of Physics in Beijing cre-
ated related materials that hold the record with a Tc of
58 K. Many of us were awestruck – here finally was a
new class of high-temperature superconductors that
broke the 22-year tyranny of cuprates, and in materials
that no-one had predicted and were contrary to our
basic notions of how superconductivity works. How
could iron – the strongest ferromagnetic element in the
periodic table – be a basis for superconductivity at all,
let alone high-temperature superconductivity? There
now exist whole arrays of iron-based superconductors
– pnictides and chalcogenides – all found by clever,
hard work, but originally discovered by serendipity.

Laying down the gauntlet

All of these families of superconductors have a great
deal in common, yet also have unique properties. The
physics seems to be growing more complex with time,
and we continue to build more guidelines and structure
into our search for new superconducting materials.
Although the discovery of iron-based superconductors
gave us a lot of research fodder, they will not necessar-
ily tell us all we need to know about how to find new
classes of superconductors. But one thing is for sure: the
cuprates are not unique and as there is a second class of
high-Tc superconductors, I believe there must be a third.

The discovery of iron-based superconductors – the
first new class of high-Tc superconductors after more
than two decades of only incremental progress –
injected a new-found positivity into the field, rivalled
only by the discovery of superconductivity in the cu-
prates. The resulting surge of global research, however,
has a very different feel from that in 1986. In the early
days of high-temperature superconductivity the com-
petition was fierce – there was a real race to obtain
higher transition temperatures. But now that zealous
sense of urgency has been replaced by a more paced
and considered approach.

Many scientists have been working on understand-
ing novel superconductors for decades, often in pro-
ductive collaborations. Recently, our research funding
and support have been revitalized on a worldwide scale,

in part because of the need to address the global energy
crisis by significantly increasing the efficiency of power
transmission. After 25 years of intense and fruitful
work, the cuprates remain promising, but for various
reasons may still not be the materials of choice to im-
pact our power grid. The newly discovered iron-based
high-temperature superconductors exhibit many pos-
itive aspects, but are likewise not yet in a position to
impact power transmission. Another class of super-
conductors is needed.

For any one of us, putting all of our efforts towards
attacking this problem of discovering a new supercon-
ductor is highly risky. If we want to find such a thing but
do not manage this after three to five years – the typical
length of most research grants – we seriously risk losing
our funding. As a result, we focus most of our efforts
on understanding the existing novel superconductors.
So, I and my colleague Rick Greene (no relation) of
the University of Maryland, aided by the Institute for
Complex Adaptive Matter, have made a call to arms to
the international community, which we are spreading
via working groups at conferences and workshops: “It
is time for us to join our expertise and resources to-
gether, on a worldwide scale, to search for that new
class of superconductors.”

The gauntlet is being taken up with enthusiasm. With
communication now flowing between different groups,
and across funding and geographical barriers, we hope
to soon reveal at last a clarified vision of high-tempera-
ture and novel superconductivity that will set us in the
best possible stead in the quest for a new class.

It is gratifying to see superconductivity, at 100, finally
growing up. ■

This figure maps out a general phase diagram of the high-temperature cuprate
superconductors. The horizontal axis is nominally the carrier concentration, ρ, which can be
tuned by pressure or atomic substitution (doping). The vertical axis is temperature. The
antiferromagnetic insulating (AFI) state on the left occurs below the Néel temperature, TN, and
the normal metal (M) state occurs at high ρ. The superconducting (SC) state is bounded by the
critical temperature, Tc, and emerges between competing AFI and M phases as discussed in
the text. The origin of the intriguing pseudogap (PG) state, which appears below the dashed
line, T*, and of the other labelled phases – spin-glass (SG), charge-ordered (CO), fluctuating
superconductivity (fl-SC) and non-Fermi liquid (NFL) – remains elusive.
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