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Preface to Second Edition

As an author, I was delighted to see very good response of the readers to the first
edition of the book, published in 2015. The unprecedented all-round development that
took place in this fascinating field of superconductivity during last 6 years prompted
me to bring out the second edition of the book. The book now has the latest updates
on all the topics discussed in the first edition. To name a few notable advances made
during this period are: (i) REBCO cables have been fabricated carrying current up
to 80—100 kA. (ii) A new world record of 45.5 T magnetic field has been established
by NHMFL in 2019. (iii) Several accelerator projects such as HL-LHC, HE-LHC
and FCC-hh, which may dwarf LHC, have been planned and are being executed.
(iv) The latest, electron—ion collider (EIC), launched in May 2020, has been dubbed
as the ‘Discovery Machine’. (v) The assembly of ITER is in full swing as compo-
nents from across the globe continue to pour at Cadarache site. (vi) Many countries
are building next-generation fusion machines like individual DEMOs for producing
power in 2030s. (vi) New record of 1.2 GHz NMR spectrometer has been estab-
lished by Bruker, and a 1.3 GHz NMR system is nearing completion at FBML, MIT.
(vii) Newly designed MRI scanners are now appearing in the market in which a
patient can be imagined in sitting, standing or lying positions. (viii) Conduction-
cooled 1.5T/3 T MgB;, magnet MRI scanners might invade market in the near future.
All these developments have been adequately discussed, and I am sure the readers
will enjoy reading these topics in detail in this new edition of the book.

This edition of the book has 12 chapters in all. Apart from a chapter on the stability
of superconductors and practical conventional Nb-Ti, Nb3Sn, Nb3Al and V;Ga
superconductors, three separate chapters have been devoted to practical cuprates,
MgB, and the iron-based superconductors. Emphasis has been given to the recently
developed innovative techniques to produce high J. strands and cables needed for
high-field magnets for upcoming accelerators and fusion reactors. The highlight of
conductor development has been the techniques invented to produce cables using
2G REBCO tapes in several configurations, like CORC cables by ACT (Advanced
Conductor Technologies LLC) and Roebel Bar Cables and CroCos cables by KIT
(Karlsruhe Institute of Technology). The ACT-developed CORC-CICC cables are
expected to carry a record current of 90-100 kA. Another highlight is the obser-
vation of current-blocking bubble formation in isotropic Bi-2212 round wires. This

vii



viii Preface to Second Edition

problem was resolved at NHMFL by using an over-pressure heat treatment (OPHT)
technique. A Bi-2212 insert, in fact, produced a field of 33.6 T in a background field
of 31 T at NHMFL. Another interesting development has been that the iron based
(IBSC) 122 superconductor (Bag 6Ko.4)Fe, Asywith a 7, = 38 K has attained a trans-
port J. as high as 10° A/cm? (4.2 K, 10 T). This value is more than the threshold set
for practical superconductors up to a field of 10 T.

As for the theories, a consensus on the origin of superconductivity in cuprates
has not been reached but surprisingly, the BCS theory has been found a perfect fit to
superconductivity in MgB, (7. = 39 K) and H3S (7, = 203 K) and is attributed to
strong electron—phonon interaction and high-frequency optical phonons. Theorists
have now started conjecturing that the BCS theory, one day, may become a unified
theory of superconductivity of all the varieties.

Detailed discussion on the successors of LHC, namely the high luminosity
LHC (HL-LHC), high energy (28 TeV HE-LHC) and the future circular collider
(FCC-hh) with 100 km circumference and 100 TeV collision energy has been given
in the book. The magnet systems of ITER have been discussed in greater details.
Present status of the assembly of the ITER has been adequately described. The
performance of stellarator W7-X operating at MPIPP, Greifswald, Germany, and its
upgrade to divertor stage has also been discussed.

The 12th and last chapter titled ‘Other Applications of Superconducting Magnets’
is about the magnet applications in high-resolution nuclear magnetic resonance
(NMR), magnetic resonance imaging (MRI), high-gradient magnetic separators
(HGMS) and superconducting magnetic energy storage (SMES) which benefits the
society immensely in a variety of ways. NMR spectrometers with a resonance proton
frequency of 1.2 GHz (= 28.2 T) from Bruker have set up a new world record in
high-resolution NMR spectrometry in 2020. Study of structures and functions of
important globular proteins, membrane proteins and protein complexes has become
possible first time. The concept of imaging by MRI has gone under sea-change in
recent years. Focus has shifted to build MRI machines which are patient centric. The
patient need not enter the tubular magnet. Instead, imaging can be done in sitting,
standing or in lying position. The second focus is on the conduction-cooled MRI
magnets thus doing away with the use of scarce and expensive liquid helium.

The target readership remains the UG/PG students and researchers keen to take
a plunge in large-scale international projects on accelerators and fusion reactors.
They can find most of the topics in superconductivity, production of practical
conductors of all varieties and magnets for applications under one title. I am sure,
the readers will find the contents of the book very absorbing and will enjoy reading
the book A-Z.

New Delhi, India R. G. Sharma
February 2021
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Chapter 1 ®)
Introduction Check for

Abstract The study of matter at very low temperature is fascinating because the
phonon activity dies down at very low temperatures and one can look in to the
electronic behaviour minutely. Cryogenic baths of liquefied gases provide excellent
medium to cool down samples. Liquefaction of gas is a combination of an isothermal
compression followed by an adiabatic expansion. Cascade process were adopted in
liquefying oxygen by Cailletet and Pictet independently in 1877. The final cooling
stage has always been a Joule-Thomson (J-T) valve. Another important breakthrough
came in 1898 when James Dewar succeeded in liquefying hydrogen making a temper-
ature range of 20-14 K accessible. The moment of triumph came in July 1908 when
years of hard work by Kamerlingh Onnes at Leiden ultimately resulted in the lique-
faction of helium. A temperature range of 4.2-0.8 K, thus, became accessible in the
laboratory. A cascade process using L, LO,, LN, and LH, and the J-T expansion
valve was employed. Within three years of this discovery came the defining moment
of the discovery of superconductivity in April 1911 in pure Hg at just below 4.2 K.
Kamerlingh Onnes was awarded Nobel Prize in 2013, and the citation reads For his
investigations on the properties of matter at low temperature which led inter alia, to
the production of liquid helium.

1.1 Why Low Temperature Is so Exciting?

Temperature is one of the most important variable parameters like pressure and
magnetic field which can be manipulated to change the phase of the material and
thus its mechanical, thermodynamical, chemical, electronic and phonon properties.
To carry out studies at low temperatures is particularly interesting. At ambient temper-
atures, lattice vibrations (which are quantized and are called phonons) in any material
are dominant and usually mask its fine properties. As the temperature is lowered, the
amplitude of these vibrations is reduced and at very low temperature (close to abso-
lute zero) dies down completely. In other words, the dominant phonon contribution
almost disappears, and one can observe the quantum behaviour of matter. Normal
laws valid at ordinary temperatures may not hold any more. Some of the properties
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in fact violate all our norms about the matter as to how it ought to behave. Supercon-
ductivity and superfluidity are perhaps the most striking phenomena observed at low
temperature, which display the quantum behaviour at a macroscopic scale. An elec-
tric current can flow persistently in a superconductor (without dissipation) without
a voltage, and similarly a superfluid can flow effortlessly (no viscosity) through fine
pores, impervious to normal liquid, without a pressure head.

1.2 How to Conduct Experiment at Low Temperatures?

The best way to carry out studies at low temperature is to have a suitable cryogenic
bath, which can cover the temperature range of interest. A cryogenic bath is best
provided by a liquefied gas. One can pump over the liquid surface to reduce vapour
pressure and obtain still lower temperature until it freezes. Thus for example, nitrogen
(N») gas boils at 77 K (Kelvin) and can be pumped down to 65 K, and hydrogen (H,)
boils at 20 K and can be pumped down to 14 K. Helium (He) is the only stable gas
which boils at the lowest temperature, that is, 4.2 K. One can pump liquid helium
and can achieve a temperature of 0.8 K. There is a rare isotope of helium with a mass
number 3 called *He. It boils at a temperature of 3.2 K and can be pumped down
to 0.3 K. Most interesting thing about these two liquids is that they refuse to freeze
even at zero absolute. Both can be solidified only at very high pressure. For their
unique and very peculiar properties, they are referred to as Quantum Liquids.

To go to temperature lower than 0.3 K, one can use what we call as *He/*He
dilution refrigerator (DR) and is based upon the finite solubility of *He (6.4%) in to
“He down to absolute zero. “He at 1 K is used as a pre-cooling agent. We can use a DR
to produce a temperature of a few milli-Kelvin (mK). To go to still lower temperatures,
this DR is used as a pre-cooling stage to an adiabatic nuclear demagnetization system
and a temperature of a few micro-Kelvin (WK) is achieved. By using a cascade
of demagnetization stages, one can go down to nano-Kelvin (nK) and pico-Kelvin
(pK). A world record of ultralow temperature ~ 100 pK is held by the Lounasmaa
Low Temperature Laboratory of the Helsinki University of Technology, Finland.
Whenever the scientific community entered a new regime of low temperature, some
discovery or the other of very fundamental importance took place.

1.3 Gas Liquefaction

Broadly speaking, a gas liquefaction is a combination of two thermodynamic
processes, an isothermal compression followed by an adiabatic expansion. In the first
step, a gas is compressed at high pressure at constant temperature. This is achieved
by removing the heat of compression by a suitable cooling mechanism. In the second
stage, the compressed gas is allowed to expand under adiabatic conditions, wherein
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Compressor Water Heat Expander
Exchanger
]
Rl
Warm end Cold end

Fig. 1.1 Principle of gas liquefaction

heat is neither allowed to enter nor escape from the system. The temperature, there-
fore, drops. The process goes on until the gas liquefies. This is schematically shown
in Fig. 1.1. The expansion could be of either isenthalpic or isentropic type.

1.3.1 Isenthalpic Process

In isenthalpic expansion one uses an expansion valve or a Joule-Thomson valve
through which the high-pressure gas throttles and gets cooled. There is no change in
the enthalpy (zero heat transfer and zero work transfer) in this expansion process. This
process is sometimes also referred to as the internal work method as it does not remove
the energy from the gas. It only moves the molecules apart against the inter-atomic
forces. This process is irreversible and therefore not an efficient thermodynamical
cycle. Further, the isenthalpic expansion does not always lower the temperature. If
the temperature of the gas is above the maximum inversion temperature, it will heat
up the gas. The temperature of the compressed gas before expansion should therefore
be below its inversion temperature. It is for this reason that gases like helium (45 K),
hydrogen (205 K) and neon (250 K) cannot be liquefied using a J-T valve expansion,
their inversion temperatures being below the ambient temperature (~ 300 K). These
gases have to be pre-cooled to below their inversion temperature before they suffer
J-T expansion. A J-T valve is, however, integral to any liquefier and always forms the
last stage of cooling since the liquid formation in the expander cannot be sustained.
Table 1.1 lists the maximum inversion temperatures (at P = 0) of a few permanent
gases. The gases, therefore, have to be pre-cooled to below their respective inversion
temperature before entering the J-T valve.

1.3.2 Isentropic Process

In the isentropic process, the energy is extracted as external work and always produces
cold in contrast to the isenthalpic process. This is also referred to as the external work
method. Gas expands in an expander, which can be of reciprocating (piston) engine
type or can be a turbine. The process is reversible and thus thermodynamically more
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’.I‘able'l.l Maximum S. No. Gas Max. inversion temperature (K)
inversion temperature of
some gases 1 4Helium 45

2 Hydrogen 205

3 Neon 250

4 Air 603

5 Nitrogen 621

6 Oxygen 761

7 Argon 794

8 Carbon dioxide | 1500

efficient. With the same initial temperature of the gas, this process always leads to
lower temperature than obtainable with the isenthalpic process. As stated above, the
operational problem associated with the expansion of the two-phase mixture (liquid
and gas) in an expander makes it mandatory to use a J-T expander as the last stage
of the cooling cycle.

1.3.3 The Linde-Hampson Process

Oxygen was first time liquefied by Louis Cailletet of France and Raoul Pictet of
Switzerland independently within days of each other in the year 1877. Pictet used a
cascade process wherein a pre-cooling stage is cooled by another pre-cooling stage.
He used liquid SO; and then dry ice (—80 °C, solid CO,) for pre-cooling. Cailletet
used liquid SO, for pre-cooling oxygen before it throttles through a J-T valve. A
good historical account of the liquefaction processes can be found in ‘Cryogenic
Engineering’ [1]. Von Linde [2] and Hampson [3] perfected the oxygen liquefac-
tion technology by using more reliable ammonia cycle for pre-cooling compressed
oxygen and the counter current heat exchangers before the gas expands through
a J-T valve. Linde founded Linde Eismaschinen AG in 1879 and later obtained a
German Patent in 1895. Basic principle in this process is that air/oxygen is alterna-
tively compressed, pre-cooled and expanded in a J-T valve. This results in reducing
the temperature each time until the gas gets liquefied. The pressure used in Linde
process is rather high. For example, for air at 300 K, the optimized pressure is about
40 MPa (~ 5880 psi) but the actual machines use a pressure of about 20 MPa. A
typical Linde-Hampson cycle is shown in Fig. 1.2.
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Compressor __.,___ After Heat
| cooler Exchanger
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— —_—
— < vVVWAN
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Fig. 1.2 Linde-Hampson liquefaction cycle consisting of a compressor, a counter current heat
exchanger and a J-T valve at the final stage

1.3.4 The Claude Process

Claude process [4] is an isentropic process, which is adiabatic, thermodynamically
reversible, and therefore more efficient than the isenthalpic process to produce cold.
Another added advantage is the lower operating pressure needed for this cycle ~
1.7 MPa (~ 250 psi). In this process, the gas does an external work in an expansion
engine. The engine can either be of reciprocating piston type or of a rotating type. As
shown in Fig. 1.3, the gas is compressed to the required pressure and passes through
the first heat exchanger. A portion of the gas (60-80%) is then sent to an expander, and
the rest continues to move along the mainstream path. The expanded low-pressure
cold gas is fed back to the returning gas just after the second heat exchanger. The

Expander

Compressor

After cooler ' ‘P
- € € VW —VWNV VWA

Heat Heat Heat
Exchanger 1 Exchanger 2 Exchanger 3 4 X J-T valve

Evaporator

Fig. 1.3 Claude cycle consisting of a compressor, a series of heat exchangers, an expansion engine
and a J-T valve in the final stage
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return gas cools down the high-pressure incoming gas via the two heat exchangers.
Thus, the cold high-pressure gas proceeds via the third heat exchanger, expands in
a J-T expander and gets liquefied. The cold vapours from the liquid reservoir return
to the compressor via the heat exchangers giving out cold to the incoming high-
pressure gas. A J-T expansion valve is still necessary because liquid formation in
the cylinder of the expansion engine is not desirable. The stresses caused by the low
compressibility of the liquid can damage the cylinder. Rotary turbine expander can,
however, tolerate almost 15 wt. % liquid without causing damage to the turbine.

Two great inventions, which took place in the history of gas liquefaction, need
to be mentioned here. First in 1892 when James Dewar developed a double-walled
vacuum-insulated cryogenic fluid storage vessel (popularly known as Dewar flask).
This made it possible to store, transport or pour cryogenic fluid from one vessel
to another. Experiments with cryogenic fluids for long duration became possible.
Second invention [5, 6] by Dewar was the first time liquefaction of hydrogen in
1898, lowering the temperature range available for studies to 20 K and down to
14 K under reduced pressure. Dewar used the Linde cycle (i.e. high pressure and J-T
expansion) using liquid nitrogen as the pre-cooling stage.

A masterpiece treatise on the liquefaction cycles has been written by Barron [7].
Readers are advised to consult this book for details on gas liquefaction and most of
the cryogenics topics.

1.3.5 Liquefaction of Helium (1908)

Heike Kamerlingh Onnes at Leiden Institute, The Netherlands, had great fascination
for the study of van der Waals equation of corresponding states down to the lowest
ever temperatures. Nernst heat theorem and Planck’s zero point energy theory further
added to his curiosity to achieve the lowest possible temperature. His passion to
liquefy helium became all the more stronger. He made use of the Linde technique
that is pre-cooling compressed helium to the freezing point of hydrogen (14 K)
and subjecting it to J-T expansion. He succeeded in liquefying helium on 10 July
1908. This turned out to be a turning point for the entire condensed matter physics
community. This opened the floodgate for getting to lower and lower temperatures.
Discoveries one after another followed in quick succession. The first one was, of
course, the discovery of superconductivity in 1911 by Kamerlingh Onnes himself.
Kamerlingh Onnes got Nobel Prize in 1913 for this work. The Nobel Prize citation
dated 10 December 1913 states ‘For his investigations on the properties of matter at
low temperature which led inter alia, to the production of liquid helium’. Figure 1.4
shows the schematic diagram of the apparatus used by him for helium liquefaction
[8].

As seen in Fig. 1.4, compressed helium gas flows through the liquid air-cooled
charcoal Dewar to get rid of moisture, gets cooled through a spiral immersed in
pumped hydrogen (15 K), expands through a J-T expansion valve and gets liquefied
in the inner most Dewar. The boiling temperature of helium is 4.2 K at atmospheric
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Fig. 1.4 Schematic diagram of the apparatus used by Kamerlingh Onnes for the liquefaction of
helium first time. Courtesy Peter Kes, Kamerlingh Onnes Laboratorium, Leiden University

pressure. For the next twenty years, the Leiden Laboratory remained a most sought
after place for research by the condensed matter physics community from Europe
and USA and Kamerlingh Onnes enjoyed complete monopoly.

John Cunningham Mclinnan built the second helium liquefier at the Toronto
University in 1923. The design of this machine was borrowed from Kamerlingh
Onnes but looked little more elegant. In reality, low-temperature research started
flourishing around 1934-35. Four German scientists, namely Franz Simon, Hein-
rich Kuhn, Nicolas Kurti and Kurt Mendelssohn, joined Clarendon Laboratory at
Oxford University at the invitation of Lindemann. Low-temperature research started
at Oxford when Simon built a mini He liquefier. Around the same time, Pjotr Kapitza,
a collaborator of Lord Rutherford at Cambridge, too built a He liquefier [9] at the
Cambridge University. This machine was based upon a rotating expansion engine or
the so-called turbine. He made a similar liquefier at the Institute for Physical Prob-
lems, Moscow, in 1935. The commercial machine [10] built by Samuel Collins (MIT)
and marketed by M/S Arthur D Little of the USA was the beginning of the spread of
low-temperature studies using liquid helium the world over. Many countries around
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Fig. 1.5 Kamerlingh Onnes in his low-temperature laboratory. Courtesy Peter Kes, Kamerlingh
Onnes Laboratorium, Leiden University

the globe bought this machine, and the low-temperature research now flourished
all around. My earlier place National Physical Laboratory, New Delhi, too acquired
Collin’s helium liquefier in 1952 and started low-temperature research under the
leadership of David Shoenberg. Figure 1.5 shows Kamerlingh Onnes standing near
his helium liquefier in his laboratory.

1.3.6 Collins Liquefaction Cycle

The liquefaction cycle used by Collins and shown in Fig. 1.6 is an extension of
the Claude cycle (Fig. 1.3). The machine uses three stages of cooling for helium
liquefaction, that is, two expansion engines of the reciprocating piston type and a J-T
expansion valve as the third stage. Pure helium gas is compressed to about 225 psi
pressure, pre-cooled to 77 K and allowed to pass through the first heat exchanger.
Thereafter, part of this cold gas expands in the first expander cooling the gas further
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Fig. 1.6 Flow diagram of the Collins helium liquefaction cycle

to about 60 K. This low-pressure gas goes back to the compressor via the second
and first heat exchangers cooling in turn the incoming high-pressure gas. Rest of
the gas continues to proceed through yet another (third) heat exchanger and again a
fraction of the gas expands in the second expander bringing down the temperature
of the gas to about 20 K. This temperature is well below the inversion temperature
of helium gas. Low-pressure gas again returns to the compressor via the series of
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Fig. 1.7 First-generation
commercial Collin’s helium
liquefier ADL make with

4 L/h LHe capacity. This
machine functioned for

28 years (1952-1980) at the
National Physical
Laboratory, New Delhi

the heat exchangers transferring its cold to the incoming high-pressure gas. The cold
gas now at 6 K finally throttles through the J-T valve, liquefies and gets collected
in the vessel. The liquid helium can be siphoned out of the container for use. The
evaporated gas from this container continues to travel to the compressor via the heat
exchangers for a continuous operation.

Pre-cooling helium gas with liquid nitrogen though not essential, nevertheless,
increases the yield of liquid helium, by almost a factor of two. Figure 1.7 is the
photograph of this first-generation Collins liquefier of the ADL make. This machine
used to produce 4 L/h liquid with a single compressor. In recent years, reciprocating
engines have been replaced by the turbo-expanders which rotate at speeds varying
between 250,000 and 300,000 rpm. These machines can produce several hundred
litres of liquid helium per hour. Figure 1.8 is a photograph of a modern turbo-cooled
helium liquefier custom manufactured and installed by Linde Kryotechnik AG with
a refrigeration capacity of 900 W (~ 300 L/h) at our centre, [UAC, in 2012.

1.4 Discovery of Superconductivity—A Fall-Out of Helium
Liquefaction

The liquefaction of helium gas in 1908, and just discussed above, was the culmina-
tion of a well-designed programme of Kamerlingh Onnes of studying properties of
materials at lower and lower temperatures achieved by the successive liquefaction of
permanent gases, viz oxygen, air, hydrogen and finally helium. Until this time, there
were only conjectures that the electrical resistance of metals will drop to zero as the
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Fig. 1.8 Modern-day turbine-based helium liquefier with a refrigeration capacity of 900 W (~
300 L/h) manufactured by Linde Kryotechnik AG installed at IUAC in 2012. Photo courtesy TUAC
Delhi

temperature approached absolute zero or will show a minimum and rise again and so
on. Kamerlingh carried out electrical resistivity measurements on pure platinum and
gold and found that the resistivity attains a temperature-independent constant value
below about 10 K. Purer the material, smaller is the value of this residual resistivity.
He then took up pure mercury for his studies, as it was possible to obtain mercury
in ultra-pure form through multiple distillations. What he found was quite startling
and unexpected. The resistance in mercury just close to 4.2 K ‘abruptly’ dropped to
zero (one thousand-millionth part of the normal temperature value) with no potential
difference. He, thus, proclaimed that mercury, just below 4.2 K, has entered a new
state which he named ‘suprageleider’ and when translated from Dutch to English
became ‘supraconductivity’ and finally changed to superconductivity [11]. His orig-
inal resistance versus temperature plot for mercury is shown in Fig. 1.9. Lead and tin
were next metals from the periodic table to have shown superconducting transition
at 7.2 K and 3.7 K, respectively.

Kamerlingh Onnes also realized soon that this zero potential difference lasts only
up to a threshold current in the sample beyond which it rises sharply. Lead, for
example, stood superconducting up to a threshold current density of 4.2 A/mm?
only.
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He also observed that superconductivity stays in lead up to a threshold magnetic
field of 600 Gauss without a sign of magneto-resistance. Beyond this field, the resis-
tance appears and rises fast with magnetic field. Notwithstanding these limitations,
Kamerlingh Onnes did realize that superconducting coils could be used to produce
fields in excess of 10,000 Gauss without Joule heating. His dream did come true
though 50 years later, and it is all for us to see the great revolution these materials
have brought about. How this phenomenon unfolded, understood, different classes
of superconductors discovered and put to use in producing high magnetic fields,
in accelerators, in fusion reactors and such other applications (NMR, MRI, SMES,

levitation, etc.) is discussed in the following chapters.
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Chapter 2 ®)
The Phenomenon of Superconductivity Gzt
and Type II Superconductors

Abstract A superconductor is not only a perfect conductor (o = 0) but also a perfect
diamagnet (B = 0) below T.. Meissner and Ochsenfeld discovered in 1933 that the
magnetic field is expelled out of the body of the superconductor. Field penetrates
the material only a small distance, called London’s penetration depth, A which is of
the order of 30-60 nm in metal superconductors. These materials also exhibit flux
quantization insofar as the field entering a superconducting ring or a cylinder has to
be an integral multiple of a flux quantum &y = h/2¢ (=2 x 10~ T m?). The strong
evidence of the role of phonons in the occurrence of superconductivity came from
the isotope effect. Pippard introduced the concept of long-range coherence among
the superelectrons and defined a characteristic length, the coherence length & over
which the order parameter changes in a superconductor. The coherence length is of
the order of 1000 nm much larger than the parameter A for metal superconductors
called type I superconductors. Optical experiments strongly hinted at the existence
of an energy gap in the energy spectrum of these materials. All these experimental
facts led the three physicists, Bardeen, Cooper and Schrieffer, to formulate the first
successful microscopic theory, the BCS theory of superconductivity. Several alloys
and compounds were found to be perfect diamagnetic only up to a small field, called
lower critical field, B.;. These compounds, however, remained superconducting up
to a high magnetic field called the upper critical magnetic field, B.,. Abrikosov
explained this behaviour in terms of the formation of negative surface energy at the
normal—superconducting interface in these materials called type II superconductors.
Beyond B, field starts entering the material in the form of flux lines each carrying
a quantum of flux, @y = h/2e =2 x 10715 T m?. At B, the material turns normal.
If a current flows in a superconductor in the mixed state, the flux lines experience
Lorentz force, forcing them to move. A voltage appears, and the material turns
normal. Flux lines are, however, pinned by impurities or imperfections introduced
in the material and the critical current density is increased to desired level. Only
type II superconductors are capable of carrying large currents without dissipation in
presence of high magnetic field and are of technological importance.

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021 15
R. G. Sharma, Superconductivity, Springer Series in Materials Science 214,
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16 2 The Phenomenon of Superconductivity and Type II Superconductors

2.1 Electrical Conduction in Metals

Conduction in materials is a wonderful gift of nature. All materials conduct, but the
conductivity can vary from one extreme to another. Pure metals like silver, copper and
gold, for example, are the best conductors of electricity. The electrical conductivity
in semiconductors, on the other hand, is several orders of magnitude smaller, and
other materials do not conduct at all and are perfect insulators. An indication to
what extent the conductivity (or the resistivity) varies as one moves away from
metals to semiconductors to ionic solids, glasses and finally insulators can be seen
from Fig. 2.1. It can vary by about 25 orders of magnitude. According to Drude
hypothesis conduction electrons in a metal wander randomly in the background of
positively charged ions rigidly fixed to their (ordered) lattice positions. These ions
vibrate at quantized frequencies limited to a maximum frequency called the Debye
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Fig. 2.1 Electrical resistivity in different class of materials varying from very low value for metal
to extremely high values for insulators, semiconductors lie somewhere in the middle
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Fig. 2.2 Free electron motion in a lattice of a metal A in the absence of an electric field B in the
presence of an electric field

frequency. In the absence of an electrical potential, electrons do get scattered by these
ions but randomly, such that they do not drift in a particular direction. Therefore,
there is no current flow. In the presence of an electric potential, electrons still get
scattered by the ions but now they drift in a particular direction, which is opposite to
that of the applied potential. A net current thus flows through the conductor. When
electrons are scattered by ions they lose energy, which is absorbed by the lattice
in the form of heat, called dissipation. Thus in a sense, electrons face resistance
in their free movement when scattered by the lattice ions vibrating at quantized
frequencies, called phonons. In what follows, we will refer to this mechanism as
electron—phonon interaction. Figure 2.2 shows schematically the electron motion in
a lattice under these two different situations. If impurities are present in the lattice,
they too will scatter electrons and will add an additional term to the resistivity. What
is surprising is that the electrical resistance of most materials is governed by a simple
law, the Ohms Law (V =1 x R), and strangely enough this relationship is found
valid over a large resistance range of the order of 10%*.

Temperature variation of resistance in metals has been the next most exciting
problem researchers aimed at after the liquefaction of helium. Around ambient
temperature resistivity usually shows a linear variation with temperature. The
behaviour may become quite different at low temperature. In metals well below
Debye temperature (T < 0p), the resistance varies as ~ 7°. What will happen to
resistance just a few K above the absolute zero had been a curiosity of the physi-
cists all along. In fact, this curiosity has been a motivation for getting to lower and
lower temperatures. Before Kamerlingh Onnes succeeded in liquefying helium, there
were different conjectures as to what will happen to resistivity at absolute zero. As
shown in Fig. 2.3, James Dewar had predicted the resistivity to become zero as the
temperature approaches zero K because the phonon scattering too should die down.
Kelvin believed that the resistivity should decrease to a minimum and rise again at
still lower temperature as the electron motion will freeze. Matthiessen’s prediction
that resistance will saturate at a finite value close to absolute zero turned out to be
the most accurate one.

According to Matthiessen’s Rule the resistivity at low temperature consists of two
dominant components. One p, the residual resistivity which is temperature indepen-
dent and is caused by the scattering of electrons by impurities and imperfections and
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Fig. 2.3 Three different predictions about the possible resistivity—temperature behaviour in metals
as one approaches zero absolute

another p;, the intrinsic resistivity caused by the scattering of electrons by phonons
and is strictly temperature dependent. The intrinsic resistivity p; always decreases
with the fall of temperature. Dewar, after liquefying hydrogen, measured the resis-
tivity of pure silver and gold down to 16 K but always found it to be saturating to a
finite value (Fig. 2.4). He believed that there is always an impurity. This was precisely
the reason that Kamerlingh Onnes chose to study resistivity of mercury, which can be

Superconductor
l -
§ Metal with
= impurity
Z -
2 P
w -
@ d -
-
Pure metal
pO ........
Transition
. s temperature
Te Temperature (K) =

Fig. 2.4 Electrical resistance behaviour at low temperature (close to 0 K) of pure metals and a
superconductor. Impurity in a metal raises the residual component of the resistance, pq
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obtained in ultra-high purity form by multiple-distillation process. What he observed
in mercury at 4.2 K became a history and is the subject matter of the book.

L = po+ pi (2.1

2.2 The Phenomenon of Superconductivity

As discussed in Chap. 1, superconductivity was discovered by Kamerlingh Onnes
[1] in mercury in 1911 at 4.2 K. The temperature at which superconductivity occurs
is called the ‘transition temperature’ or the ‘critical temperature’, 7,. Kamerlingh
Onnes also concluded that the purity of mercury was not of consequence and super-
conductivity was an intrinsic property of mercury. Soon, he found superconductivity
in Snat3.7 Kand in Pb at 7.2 K. Intense research continued for discovering more and
more superconductors across the periodic table. There was no rule to govern which
particular element should become superconductor and which should not. Character-
istic parameters like melting point and crystal structure did not show a particular
trend for the occurrence of superconductivity. The position of the superconducting
elements in the periodical table has been marked with their transition temperature
(T.), the critical field (B.), the penetration depth (A) and the coherence length (£)
values in Table 2.1. The critical field parameter (B.) will be introduced and discussed
in next section. As seen from the table, the T, of these elements varies from as low
a value as 0.0003 K for Rh to a maximum of 9.3 K for Nb. In addition, there are
elements, which are superconducting only under high pressure [2]. These are shown
as shaded in Table 2.1. Pressure at which they become superconducting has been indi-
cated in kbar unit. One striking feature of the periodic table, however, is the absence
of superconductivity in the best-known electrical conductors, namely copper, silver
and gold.

2.3 The Critical Magnetic Field

Soon after the discovery of superconductivity, Kamerlingh Onnes realized the impor-
tance of these materials for winding magnets to produce high fields without dissi-
pation but to his dismay, he found in early 1913 that superconductivity is destroyed
when exposed to small magnetic field. Each superconductor was found to have a char-
acteristic value of this field, called B, the critical magnetic field. B¢ is maximum at 7’
= 0 K and continuously decreases with the increase of temperature and becomes zero
at ;. It is shown in Fig. 2.5 that the material at point ‘A’ in the superconducting state
can be driven to normal state by increasing either the temperature or the magnetic
field and taking it outside the parabolic curve. Unfortunately, the value of B, for most
of the elemental superconductors is very low, of the order of few hundred Gauss. B
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Fig. 2.5 Parabolic B-T curve represents the boundary between the superconducting state and the
normal state

of Nb metal happens to be maximum ~ 1980 Gauss. Values of the B, for most super-
conductors are shown in the periodic Table 2.1. The variation of B, with temperature
is parabolic and can be expressed by the expression (2.2).

B. = Bo[1 - (T/T)’] 22)

B is maximum (= By) at T = 0 and drops to zero at the T.. The transition to normal
state in magnetic field can be very sharp depending upon the purity and perfection
of the material. Transition also depends strongly upon the direction of the applied
magnetic field. Transition is sharp if the field is parallel to the axis of the cylindrical
sample. Transition starts at B¢/2 if the field is perpendicular to the axis. Figure 2.6
shows the plots of Be versus tempearture for a number of metal superconductors.
Niobium turns out to be the best elemental superconductor with highest B ,.

Francis Silsbee [3] proposed in 1916 that a superconductor has a critical value of
current too which will produce a self-field equivalent to B¢ and destroy supercon-
ductivity. We thus have three critical parameters characterizing a superconductor,
namely critical temperature (7), the critical field (B.) and the critical current (/).
All the three parameters are interdependent. Thus a superconductor remains super-
conducting within the confine of these three critical parameters and turns normal,
and the moment any of critical parameters is exceeded as shown in Fig. 2.7.
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Fig. 2.6 B. versus temperature plots of some of the metallic superconductors (Data from ‘Super-
conductivity’ by Shoenberg, 1952, page 224) (Reproduced with the permission of Cambridge Uni.
Press)

2.4 The Meissner Effect (Field Expulsion)

Low-temperature research spread beyond the confines of the Low Temperature Labo-
ratory of Leiden around the world after 1930. Race to discover superconductivity in
a variety of materials and especially in alloys continued unabated. Something very
extraordinary happed in 1933 when Meissner and Ochsenfeld [4] at Berlin found out
that a magnetic field is not frozen within the body of a superconductor when cooled
down to below its critical temperature 7. Instead, the field is expelled from the
interior of the superconductor. This observation was quite startling and unexpected.
It was expected that a magnetic field will freeze inside a superconductor (being
a perfect conductor) until the superconductor is warmed up above T.. We know, a
perfect conductor cannot sustain an electric voltage, that is £ = 0, it therefore follows
from Maxwell equations

VXE=—— (2.3)

E=0= — =0 (2.4)
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Current Density

[

_\ Be Magnetic Field

Fig. 2.7 Critical surface of a superconductor. Notice that the three critical parameters are
interdependent

This implies that 9B = 0 or the magnetic flux B inside a superconductor should
be constant. This means that if a perfect conductor is placed in a magnetic field
and then cooled down to 7, the magnetic flux remains trapped inside even when
the field is removed. Meissner and Ochsenfeld, however, observed that it does not
happen in a superconductor. They found that the flux is expelled from the body of
the superconductor the moment it is cooled down to below T.. Irrespective of the
fact whether the superconductor is kept in a magnetic field and cooled below T or it
is cooled below T first and then a field is applied, the magnetic flux does not enter a
superconductor. The lines of force now pass around the sample as shown in Fig. 2.8b.
A superconductor thus behaves like a perfect diamagnet.

We can therefore state that a superconductor is a perfect conductor as well as
a perfect diamagnet below its transition temperature 7. Field expulsion can be
explained in terms of screening current running across the surface so as to produce
a magnetic field equal and opposite to the applied field. The consequence of this
induced field is that a magnet will levitate over a superconductor provided, of course,
the weight of the magnet is less than the force of levitation. Figure 2.9 is a typical
picture of a superconductor floating over a permanent magnet. One can also levitate
a magnet over a superconductor.
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Fig. 2.8 Magnetic flux is expelled from the body of a superconductor the moment it enters the
superconducting state (cooled to below 7¢) as shown on the right

Fig. 2.9 A superconductor floating above a magnet

2.4.1 Perfect Diamagnetism

One immediate consequence of Meissner effect is that superconductivity is a ther-
modynamical phase as far as the final state of magnetization does not depend upon
the sequence of cooling below T, and applying a magnetic field. This behaviour is
totally different to that observed in a normal metal. The fact that the magnetic flux
inside a superconductor remains zero (B = 0) when an external field B, is applied
implies that a magnetization is induced in the superconductor which exactly cancels
out this magnetic flux. Thus,

The magnetic flux = (B, + M) =0 2.5)
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X =M/B, = — 1 (2.6)

A superconductor thus has a magnetic susceptibility of — 1 and is a perfect
diamagnet but quite distinct from the known diamagnetic materials.

As stated earlier, the screening currents flow along the surface of a superconductor
to prevent the entry of the flux. Since the resistance of a superconductor is zero, these
currents never decay (supercurrents) and flow persistently without Joule heating.

2.4.2 The Penetration Depth

The just discussed Meissner effect or the so-called perfect diamagnetic property
of a superconductor implies that screening currents flow along the external surface
of the superconductor. If these currents were to flow only at the surface, the current
density will be infinite which will be an impossible proposition. Current sheet should
therefore extend in to the material to a depth of an atomic dimension. In fact, the
magnetic field penetrates a superconductor a very small distance, falling exponen-
tially to zero with a characteristic depth, called the ‘penetration depth’ A. This is
shown in Fig. 2.10. This penetration depth in most pure metals turns out to be of the
order of 10-100 nm. The flux at a distance of x inside the material is given by the
expression:

B(x) = Bye /" 2.7)

m

o

Applied Field ——

Distance —

Fig. 2.10 Field penetration in a superconductor. The magnetic flux drops exponentially inside the
material. Penetration depth A is defined as the depth at which the flux density drops to its eth value
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Fig. 2.11 Penetration depth is nearly constant until about 0.8 7, and rises sharply thereafter,
reaching infinite at 7

It is rather difficult to measure the penetration depth in bulk material, flux pene-
tration being so small. In specimens of the dimension of A, the field penetration could
be across the material and can therefore be estimated to some accuracy.

The penetration depth is not constant but varies widely with temperature. Well
below T, and until O K there is hardly any variation but close to 7. (> 0.8 T) A rises
exponentially to infinity at 7¢. Figure 2.11 is a typical A—T curve for a superconductor.
Equations (2.8) and (2.9) represent the observed A—T behaviour.

MT) = — 2 238)

Very close to T

MT) = — 20 2.9)

[-()]

Table 2.2 gives typical values of A at 0 K for Pb, In and Al. The exponential
variation of A near T, makes measurements close to 7. most difficult. The tech-
nique employed to measure field penetration is to have cylindrical superconductor
of possibly high purity snugly fitted in to a solenoid magnet. The inductance of this
system will depend upon the extent of field penetration. If this inductance is connected
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Table 2.2 Penetration depth of some metals at 0 K

S. No Metal Penetration depth at 0 K (nm)
1 Pb 39
2 In 64
3 Al 50

to a LCR circuit, change in inductance can be evaluated in terms of frequency, which
can be measured with high accuracy.

2.4.3 Magnetization in Superconductors

We have already discussed in Sect. 2.4.1 that superconductivity is an equilibrium
thermodynamic state and a magnetization is induced in the superconductor when an
external field B, is applied. This behaviour too is different from that of the normal
metal. From Figs. 2.5, we find that at temperature higher than 7, and in field higher
than B, a normal state is more stable. The magnetic flux inside a superconductor
remains zero, but the flux enters the material rather sharply as soon as the field
exceeds B and the material turns normal. This is shown in Fig. 2.12a. The magne-
tization versus field behaviour is shown in Fig. 2.12b. In the superconducting state,
magnetization rises with the increase of magnetic field to oppose the field penetration
and drops to zero as soon as Bc is reached. Interestingly, both these processes turn
out to be reversible confirming the thermodynamical nature of superconductivity.

+M
Applied Field (B,) —=
I Normal  Bc
'
l : -
2 M=0
m
E = 4 Superconductor
w 5 g \\\
L & o (]
- Cagliy L) @
] S =
=) o
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: |
\ Zero Flux
Cadl Y _M
Applied Field (B,) —=
(a) (b)

Fig. 2.12 Magnetic flux (a) and magnetization (b) behaviour of a superconductor in an applied
magnetic field
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2.4.4 The Intermediate State

The value of critical field B. usually gets modified because of the concentration of
field lines at the surface. This, the so-called the demagnetization effect, depends
upon the shape of the material and the field orientation. For example, a long-thin-
cylindrical superconductor has no demagnetization effect if the magnetic field is
parallel to its axis. In perpendicular field, however, the field penetration starts at
1/2B., that is, the demagnetization factor is 1/2. For a sphere, the demagnetization
factor is 1/3. The uniform field B; inside the superconductor in an applied field B is
given by the expression

B = B,/(1 —n) (2.10)

where n is the demagnetization factor. Since n = 1/3 for a superconducting sphere,
at Ba = 2/3 B¢, B; = B¢ and the sphere has to turn normal. If, however, it turns
normal M = 0 and B; = 2/3B. which is less than the critical field B and the sphere
has to stay superconducting. This simply means that between 2/3 B. and Bc the
sphere can neither be fully normal nor fully superconducting. Instead, the sphere
undergoes an intermediate state. Figure 2.13 schematically shows the splitting of
the material in to laminae of alternate normal and superconducting material parallel
to the field in a long thin cylinder when the field exceeds 1/2B.. As field increases
superconducting fraction diminishes and the normal regions grow at the expense of
the superconducting regions. At Be, the entire material turns normal. Consequently,
there is a continuous increase of resistance. These laminae are parallel to field. Since
magnetic induction in the normal regions is parallel to field and goes to zero in
superconducting regions, the boundary has to be parallel to the field direction only.
That the laminae extend right through the sample is confirmed by the observation of
a finite resistance in the intermediate state. Finite resistance obviously comes from

Magnetic Field

Current sc N sC N sC M sC Current

- »-

Fig. 2.13 A superconductor between the initial penetration and B¢ splits in to the laminae of
alternate normal and superconducting material parallel to the field
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the current flow through the normal regions, without being short-circuited by the
superconducting regions.

Free energy calculations show that the intermediate state is more favourable than
the wholly superconducting state as the effective field on the superconducting regions
is greatly reduced. Stability of such a structure requires a positive surface energy,
which in turn implies finite width 8§ of the boundary layer between the laminae given
by the expression

otns = 8(B.)? /87 (2.11)

where «, is the boundary energy per unit area and (B.)2/87 is the free energy
difference between the normal and superconducting state. § turns out to be of the order
of 1000 nm and can be identified with Pippard’s coherence length, to be discussed
in a later section.

2.5 Two-Fluid Model

To explain the zero resistivity and the perfect diamagnetism in superconductors,
Gorter and Casimir [5] in 1934 at Leiden proposed a hypothesis what is popularly
called as two-fluid model. According to this model, below the transition temperature
the normal electrons start condensing in to superelectrons which only carry super-
current. At 7 = 0 K all the electrons are superelectrons and at 7, all the electrons
are normal electrons. These superelectrons can be identified with Cooper pairs of
the BCS microscopic theory, to be discussed in chapter four. The variation of the
normal electron density and the superelectron density with temperature is shown in
Fig. 2.14. At any given temperature, the electron density is given by;

n=n,+ ng (2.12)

The superconducting electron density ns at any temperature is given by the
expression;

ng =no{l — (T/T)*} = no(1 — %) (2.13)

where t = T/T..

Here n, is the superconducting electron density at 7 = 0 K. ns is also taken as
an order parameter. Using this model, Gorter and Casimir were able to account well
for the specific heat anomaly at 7, discovered in Tin [6] and later in Thallium [7].
The peak in specific heat at T is caused by the extra energy required to excite the
superelectrons to normal electrons at 7.
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Fig. 2.14 Variation of the densities of the normal electrons and the superelectrons with temperature

2.6 Thermodynamics of Superconductors

Thermodynamics of superconductors is equally interesting. Some of the thermody-
namical properties are conventional, while some others are quite different and unique.
We discuss some of the thermodynamical properties in the following sub-sections.

2.6.1 The Gibbs Free Energy

In Sect. 2.4.2, we have seen that the magnetization induced in a superconductor
depends upon the magnetic field and is reversible thermodynamically under the two
variables, temperature and magnetic field. The destruction of superconductivity at
the critical field B, indicates that the normal state is energetically more favourable at
B.. Let us see how much is the increase in the potential energy of the superconductor
in presence of B¢. The work done in bringing a superconductor in an applied field
B, is given by

B,
W = — uo / MdB (2.14)
0

Since M = — B in a superconductor, W turns out to be



2.6 Thermodynamics of Superconductors 31

2
W= o B2 (2.15)
2

The Gibbs free energy of a superconductor in an applied field B, is thus given by
8s(T, B) = go(T.0) + poB; /2 (2.16)

Therefore, the Gibbs free energy of a superconductor at B will be:

B2
gs(Be) = g:(0) + MO(%) 2.17)

At B, the free energies of the superconducting phase and the normal phase are
equal, that is, gs(B.) = gn. Thus from (2.17), we have the energy difference between
the normal state and the superconducting state:

BZ

gn— g = M()(?C) (a positive quantity) (2.18)

Critical field B thus turns out to be an important parameter linking up the free
energies of the normal and the superconducting states in a superconductor and can
be measured experimentally with precision. Figure 2.15 shows Gibbs free energy in
the superconducting state and the normal state plotted against magnetic field. At B
normal state becomes more stable.

normal

F,=F,atB=B,
Free energy
difference

F

super

Gibbs Free Energy =——s

A 4

Magnetic Field ——

Fig. 2.15 Gibbs free energy in the superconducting state and the normal state plotted against
magnetic field. Beyond Bc normal state becomes more stable
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2.6.2 Specific Heat

From the free energy difference equation, it is easy to calculate the difference in
entropies and the specific heats in the normal and superconducting states. From the
first law of thermodynamics entropy,

3
S = —(—g) (2.19)
T ), s

Thus, differentiating gn and gs with respect to T in (2.18) we get

dB
Sp— 8 = _MOBc(d_TC> (2.20)

Since B. always decreases with the rise of temperature in all the known supercon-
ductors the quantity (‘ff?) is negative. This means Sn — Ss is always positive, that is
the entropy of a material is lower in superconducting state than in its normal state.
Superconducting state is therefore an ordered state as also predicted by the two-fluid
model discussed in Sect. 2.5. It also follows from (2.20) that at 7, the critical magnetic
field B. is zero and therefore the two entropies are same at 7. Similarly, from the third
law of thermodynamics the two entropies should again converge to the same value,
that is, zero at 0 K. The entropies in the two states of Sn are shown in Fig. (2.16).
Between T, and 0 K, the entropy of the superconducting state is lower than in the
normal state. Between these two temperatures, one can go from the superconducting
state to normal state by applying an appropriate magnetic field. The above curves
have an interesting consequence. For example, if we move from low entropy point

0.015
< 0.0104
x
E e
o Mormal
]
-3 N
2 0.005
=
(=1
2
s
w T'Z. < T Super¢onducting
g 1 2 3 T

Temperature (K)=—s

Fig. 2.16 Typical entropy curves of Sn in normal state and in superconducting state. The entropies
of the normal state and the superconducting state are the same at 7¢ and at 0 K
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1 in superconducting state to high entropy point 2 in normal state by applying a
field, cold will be produced if the process is carried out under adiabatic condition.
This may be called as ‘adiabatic magnetization’ as opposed to the usual ‘adiabatic
demagnetization’, a popular method to produce ultra-cold using paramagnetic salt
(electron spins) or the nuclear bundle such as copper (nuclear spins).

We can now derive an expression for the specific heat difference using expression
(2.20). We know that the specific heat of a material is given by

as
C=VT— (2.21)
oT

where V is the volume per unit mass. Differentiating (2.20), we obtain
2

d?B, dB.\?
Co=Co=VTpoBegr + VTio( (2.22)

At the transition temperature 7, the magnetic field B = 0. At T, the (2.22) will
therefore reduce to

(Cs—Cy)p = VT, dB: )" (2.23)
s )T, = cMo ar . .

which is a positive quantity. Superconducting state thus has higher specific heat
value than the normal state at 7¢. This jump in the specific heat at 7 (Fig. 2.17) is
a characteristic feature of all the superconductors and has been well explained on
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Fig. 2.17 Specific heat of a superconductor shows a jump at 7, and decreases exponentially below
its value for the normal state as it approaches 0 K
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the basis of two-fluid model [6, 7]. The specific heat of a metal is composed of two
components. One is the lattice contribution proportional to 7* and the other, elec-
tronic contribution proportional to 7. The specific heat can therefore be represented
by the following equation:

Cu(T) =yT + BT (2.24)

Here y is the density of electron states at Fermi level. The first term is the electronic

Gu(1)
T

line with a slope B and the intercept y. Since superconductivity affects only the
electrons and not the lattice at the transition, it is reasonable to assume that the
lattice contribution to specific heat, BT is the same in the normal state as well as in
the superconducting state. Using this substitution, electronic specific heat has been
evaluated experimentally well below T, and it turns out to be of the form

term, and the second is the lattice term. A plot of [ ] versus T2 gives a straight

Ces(T) = Aexp(l;—?) (2.25)

Experimental data fit well to (2.25) as shown in Fig. (2.18). This form of expo-
nential dependence implies the existence of an energy gap between the energy levels
of the so-called superelectrons and the normal electrons. Superelectrons exist in a
special lower energy state separated by a gap from the normal electrons. Extra heat
is to be supplied to convert superelectrons into normal electrons to maintain the

Exponential
(Experimental)

In Ces / '-’Tc —_—

Parabolic
(Theory)

TJT =

Fig. 2.18 Exponential behaviour of the electronic specific heat in superconducting state below 7,
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superelectrons’ density compatible with the temperature (as per x = 1 — (T/T.)*).
At low temperature, the change in ‘x’ is small and exponential at high temperature.
Number of normal electrons thermally excited rises exponentially with tempera-
ture and hence the exponential behaviour of the specific heat. Thermal conductivity
below T, is expected to be lower as the number of normal electrons carrying entropy
is reduced. Superelectrons do not transport entropy.

2.6.3 Phase Transition

Let us recall (2.18) which gives the difference between the free energy in supercon-
ducting state and the normal state to be 1 BCZ/ 2. Since at T, the value of B is zero the
two free energies, gs and gn are equal. This means, the free energy at 7, is continuous.
From (2.20), the difference between the entropies of the two states at 7, again turns
out to be zero (B being zero). The fact that not only the free energy but also the
entropy is continuous at the transition temperature shows that in the absence of the
magnetic field the normal to superconducting transition is of the second order. There
is no latent heat involved either, at the transition (dQ = T dS = 0). Second-order
phase transition is also confirmed by the jump in the specific heat at 7, as discussed
in Sect. 2.6.2 and shown in Fig. 2.17.

Phase transition from superconducting to normal state at 7, in presence of a
magnetic field, however, turns out to be of the first order. The latent heat dQ = T (Sq
— Ss) now is finite (2.18), B¢ being no longer zero.

2.7 Thermal Conductivity

Thermal conductivity in superconducting state is found to be smaller than in the
normal state. The reason is that the superelectrons do not interact with the lattice
and therefore do not transport heat from one part of the material to another. As the
temperature goes down, the thermal conductivity keeps decreasing. Far below T¢, it
becomes orders of magnitude smaller. For example, in Pb the thermal conductivity
at 1 K is reduced by a factor of 100. No wonder therefore superconductors like
Pb and Sn are routinely used as thermal switches in the milli Kelvin and lower
temperature region to break the thermal contact between different cooling stages.
Thermal conductivity can, however, be restored by applying a small magnetic field
just above B, or by winding a small heating coil to raise the temperature just above
Te.
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2.8 Thermoelectric Power

There is no thermo-emf in a thermocouple made up of two superconductors, when
the two junctions are held at different temperatures. This is for the simple reason
that any thermo-emf howsoever small will lead to current flowing at a critical value
irrespective of the magnitude of the temperature difference at the junctions. In other
words, the Seebeck coefficient S (= dV/dT) is zero. Likewise, the two other ther-
moelectric effects, namely Peltier effect and the Thomson effect are also absent in
the superconductors, and all the three effects being inter-related. Both the Peltier
coefficient (II = S§.T) and the Thomson coefficient (u = dS/dT) are zero in super-
conductors. This property makes a superconductor an ideal standard to measure the
absolute thermoelectric power of a material if coupled with it and had been widely
used for the calibration of temperature sensors below 7.

2.9 The Energy Gap

The exponential behaviour of specific heat with temperature in superconducting state
gave the first hint of the existence of an energy gap in the energy spectrum of the
electrons. One needs, as though, an energy equal to the gap to excite a superelectron to
the normal state. The energy gap turns out to be of the order of 3.5 kg T.. This energy
gap is reminiscent of a similar gap between the valence band and the conduction band
in semiconductors, but the gap here is of the order of 10 eV, some three orders of
magnitude smaller than in semiconductors. Table 2.3 gives the values of the energy
gap ratio of some of the metal superconductors [8]. The presence of an energy gap
implies that a photon of energy less than 2 A is not absorbed by the superconductor. A
superconductor is thus more reflective than in its normal state for frequencies < 2A/h.
Figure 2.19 shows the absorption of EM radiation in superconductors normalized to
that in the normal state (Ps — Pn)/Pn plotted against frequency (in wave numbers)
[9] of the EM radiation for Pb, V, Sn, Nb, Hg, In and Ta. All the curves show a peak

Table 2.3 Energy gap ratio (2A/kgT.) for metal superconductors at zero temperature (7 = 0 K)

Metal Energy gap Metal Energy gap
(2A/kp T¢) ratio (2A/kp T¢) ratio

Aluminium 3.3 Thallium 3.57

Zinc 32 Lead 4.38

Gallium 35 Vanadium 34

Cadmium 3.2 Niobium 3.80

Indium 3.6 Molybdenum 34

Tin 35 Lanthanum 3.7

Mercury 4.6 Tantalum 3.60
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Fig.2.19 Absorption curves for seven metal superconductors normalized to the normal state plotted
against the frequency (in wave number). 7, of each metal is written within the bracket [9] (With
permission from APS) http://journals.aps.org/pr/abstract/10.1103/PhysRev.119.575

followed by a steep drop to zero at a characteristic frequency, which is different for
different metals. This frequency is a function of temperature and increases as the
temperature approaches zero. At T, this frequency drops to zero.

The energy gap and its variation with frequency at different temperatures can be
measured directly by electron tunnelling measurements. The energy gap is maximum
at 0 K and decreases with the rise of temperature and becomes zero at 7.. Reduced
energy gap A(T)/A(0) plotted against reduced temperature 7/7, for a number of
pure metal superconductors has a universal behaviour. Interestingly, the data for all
the superconductors lie on a universal curve (within the width of the curve in the
middle) as shown in Fig. 2.20. The data are also in good agreement with the BCS
theory.

2.10 The Isotope Effect

Different isotopes of several metal superconductors showed a variation in 7, with
the atomic mass number [10, 11]. Most of the data can be fitted to the expression
of the type M« T, = constant. Experimentally, the average value of a turns out to be
0.5, that is, T is inversely proportional to the square root of the atomic mass.

1
T. X — 2.26
14 — (2.26)

This leads to an interesting conclusion that the lattice does not seem to play a direct
role in the phenomenon of superconductivity as the lattice does not show change in
going from normal to superconducting state but does influence the behaviour of the
electron in a very subtle way. The isotope effect in fact provided an important clue
to the role of lattice in superconductivity. Figure 2.21 is the logarithmic plot of 7¢ of
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Fig. 2.20 Reduced energy gap A(T)/A(0) plotted against the reduced temperature 7/7. for most
metal superconductors lie on a universal curve and fit well with BCS theory within the width in the
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Fig.2.21 Logarithmic plot of T¢ of the different isotopes of mercury and the average mass number.
The data fit well with the formula 7, o ﬁ ([11]) (With permission from APS) http://journals.aps.

org/pr/abstract/10.1103/PhysRev.84.691
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Table 2.4 Measured values of o in the formulae M® T, = constant of some metal superconductors

Metal superconductor

Value of « in M*T,. = constant

Zinc 0.45 £ 0.05
Cadmium 0.32 £ 0.07
Mercury 0.50 £ 0.03
Thallium 0.61 £0.10
Tin 0.47 £ 0.02
Lead 0.49 £ 0.02

the different isotopes of mercury [11] and the average mass number. The data fit well
with the formula 7, o ﬁ The experimental values of exponent o in the formula

M*T, = constant for a few metal superconductors are listed in Table 2.4.

2.11 Flux Quantization

F. London going through the peculiar behaviour of superconductors postulated [12]
that a magnetic flux inside a superconducting cylinder or in a ring (Fig. 2.22) will
always be an integral multiple of (h/e) where h is the plank constant and e the
electronic charge. It was indeed a remarkable prediction that the magnetic flux in the

Flux lines

(a)

oM

M

Flux lines

(b)

Fig. 2.22 Flux inside a superconducting cylinder (a) or a superconducting ring (b) is always found

to be an integral multiple of the quantum of flux, &y = h/2e
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free space is a multiple of h/e simply because it is surrounded by a superconducting
cylinder. This quantum of flux is small only about 4 x 10~ Wbor4 x 1013 Tm?. The
experimental confirmation of this so-called flux quantization came through precision
experiments by Deaver and Fairbank [13] at Stanford and Doll and Nébauer [14] at
Munich in 1961. The trapped flux was, however, found to be quantized in units
of (h/2e) and not in units of (k/e). The flux quantum thus turns out to be exactly
2.067833 x 107> T m? and is represented by ®y.

Deaver and Fairbank [13] carried out measurement on a Sn (hollow) cylinder by
depositing a 5-pm-thick tin layer over a copper wire (cylinder) of 13 pm diameter.
The composite wire was cooled below T in a small magnetic field of about 0.1 Gauss.
The magnetic flux in copper was determined by measuring the emf in an electrical
pick up coil while moving the sample up and down in the coil at a rate of 100 cycles/s.
The measured flux remained confined to values to nh/2e for integral values of n =
1, 2, 3. Doll and Nébauer [14] on the other hand used a torque method to determine
the magnitude of flux contained in a lead cylinder. They coated lead on a quartz fibre
and suspended with a quartz fibre and made to oscillate in a liquid helium bath. The
frozen flux was measured by the torque produced by the application of a magnetic
field perpendicular to the axis of the cylinder. Flux was again found to be quantized
in the unit of //2e.

The factor 2e above is of great significance as far as it represents the charge of the
superelectron responsible for superconductivity. These superelectrons are identified
with Cooper pairs in the theory of superconductivity, the BCS theory [15] which will
be discussed in Chap. 4.

2.12 The Concept of Coherence Length and Positive
Surface Energy

The coherence length represented by £ is yet another fundamental characteristic
length, which defines a superconductor. The other similar characteristic length
already introduced is the penetration depth A. One of the many observed unique
features of superconductivity that the transition temperature could be as sharp as
1073 K in a pure metal, led sPippard [16] to believe that superconductivity is a coop-
erative phenomenon. A large number of entity (superelectrons) over a long range
take part in the process. There is a long-range coherence among the superelectrons.
All superelectrons move in phase. According to the two-fluid model, superelectron
density ns increases as the temperature decreases below 7, and so does the degree
of order of the superconducting phase. The superelectron density ns in fact can be
identified with this order. Pippard arrived at a conclusion [16] that this order param-
eter cannot change abruptly at the S—N boundary but will do so smoothly over a
finite distance of the order of 1000 nm in pure metals. This distance is referred to as
the coherence length, £. It has the maximum value at 7 = 0 K, for the purest form
of the metal and is represented by &g. The value of &g is an intrinsic property of a
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superconductor. As the temperature increases, the coherence length decreases and
drops to zero at 7.

Another property of coherence length is that it is strongly dependent upon the
purity of the metal. & is found to be proportional to the electronic mean free path £
and is shorter for impure material. At high level of impurity, the coherence length
becomes equal to £e. Coherence length £ is related to £ through the equation of the

type
£ = (Eole)"? (2.27)

The value of the intrinsic coherence length &, can be calculated from (2.27) by
substituting the values of the Fermi velocity v, Boltzmann constant kg and T

hvf
kB Tc

£ =0.18 (2.28)

Table 2.5 gives typical values of £y and A for a few metal superconductors. In fact,
the ratio of &/A determines the nature of superconductor whether it belongs to type I
or type II class of superconductors.

Let us now attend to the surface energy issue. Figure 2.23 shows [17] the boundary
between the normal and the superconducting regions. In order to have a stable
boundary, it is necessary that the two regions be in equilibrium. This means that
at the boundary, the free energy per unit volume in both the regions is same. Inside
the superconducting region, however, there are two contributions to the free energy.
Since electron ordering takes place in the superconducting region over a distance of &
there is a decrease in free energy equal to g, — gs = 40 B2 /2. The other contribution
to free energy is due to the magnetization, which it acquires to expel the flux. It
contributes a positive magnetic energy equal to o B2 /2 over a distance of the pene-
tration depth A. So well inside the superconductor, both these contributions cancel
each other but since £ > A in most of the metal superconductors but close to the
boundary there is a net small positive energy. The value of this energy is approxi-
mately equal to 19 B2/2(§ — A) per unit area of the boundary. Positive surface energy

Table 2.5 Typical values of the intrinsic coherence length &g and penetration depth, A at O K for
some metal superconductors

Metal (superconductor) | Intrinsic coherence length, | London’s penetration | Ratio £9/A
g0 (nm) depth, A (nm)

Aluminium 1600 16 100
Niobium 38 39 0.98
Cadmium 760 110 6.9

Tin 170 30 5.67

Lead 510 37 13.8
Indium 360 24 15
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Fig. 2.23 Interface at the superconducting and normal boundary in a type I metallic superconductor
has a positive surface energy [17] (With permission from Elsevier)

turned out to be an important characteristic parameter of the metallic superconduc-
tors as opposed to alloy superconductors, which are characterized with a negative
surface energy and are termed as type II superconductors. Metallic conductors are
likewise termed as type I superconductors. We will discuss type II superconductors
in subsequent sections.

2.13 Determination of Energy Gap (Single Particle
Tunnelling)

One easy and simple technique to measure the energy gap in superconductors is
through the single particle tunnelling experiment. As shown in Fig. 2.24a, thin film
of metal is deposited on a suitable substrate. The metal surface is then oxidized to

form an insulating layer of the order of 10 A thick. A superconducting layer is now
deposited on this oxide layer. /-V characteristics of the junction are studied after
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S Superconductor
Insulating layer
M Metal

Fig.2.24 Cross section of a tunnel junction consisting of a metal, an insulator and a superconductor.
The insulator is usually the oxidized metal surface itself

making usual current and voltage contacts with the layers. A typical /-V behaviour
of such a (MIS) junction as observed by Giaever [18] is shown by solid line in
Fig. 2.25. For comparison, the /-V characteristics of a tunnel junction consisting of
a metal—insulator-metal (MIM) has also been shown in this figure. The /-V plot for
MIM junction is a straight line, that is, current and voltage are proportional. For the
MIS junction, the current jumps sharply at a voltage of A/e where 2A is the energy
gap of the superconductor.

The energy versus density of electronic states for a superconductor and normal
metal are plotted in Fig. 2.26. The energy gap in the superconductor is distinctly
shown in the figure (left). At 0 K, no current flows unless the voltage is raised to Eg/2e
= Ale. The current rises sharply [19] at eV = A (Fig. 2.25). The gap separates the
normal electrons from the superelectrons. At nonzero temperature, there is a small
current flowing even at lower voltage because the normal electrons are thermally
excited across the energy gap.

Current =——s

V = Ale
Voltage —

Fig. 2.25 Typical current—voltage behaviour of a metal-insulator—superconductor (MIS) tunnel
junction. The straight line is the /-V characteristic of a metal-insulator—metal (MIM) junction
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Fig. 2.26 Energy versus density of electronic states plots for a superconductor and in a normal
metal

2.14 The Josephson Effect (Pair Tunnelling)

In 1962, Josephson [20], a graduate student at the University of Cambridge, made
a startling prediction that a supercurrent (zero voltage) will flow across a tunnel
junction consisting of two superconductors, A and B separated by a thin insulating
layer, about 10 A thick. These two superconductors can be either identical or different.
The prediction came true, and the effect was observed experimentally. In the picture
of BCS theory [15] of superconductivity (to be discussed in Chap. 4), the electrons
start pairing up via a virtual phonon interaction process as the temperature is reduced
to below Tc. These pairs, called Cooper pairs, condense to a ground state and are
responsible for the supercurrent flow in superconductors. These Cooper pairs are
identified with the superelectrons in the Gorter’s two-fluid model. Interestingly, all
the pairs in a superconductor are in the same quantum mechanical phase ¢ (phase
coherence) and can be represented by a single macroscopic wave function or the
order parameter (Fig. 2.27).

Fig. 2.27 A Josephson
junction has two

superconductors A and B Superconductor A
separated by a thin (~ 10 A)

oxide insulating layer Insulator

Superconductor g
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Y(F, 1) =Y, 1) exp[ig(F, 1)] (2.29)

This theory explained well most of the observed behaviour of the metallic
superconductors, like zero resistance, Meissner effect and flux quantization.

2.14.1 DC Josephson Effect

Josephson effect [20] was yet another important manifestation of the same macro-
scopic quantum nature of superconductors. Here the pairs tunnel through the insu-
lating barrier without encountering resistance. This flow of pairs constitutes a super-
current. The supercurrent I generates a phase difference A¢ between the order
parameters of the two superconductors according to the equation

I = I.sin(A¢) (2.30)

where [ is the critical current of the junction which depends upon the temperature
and the junction parameter. For current, less than I, the phase difference A¢ adjusts
to facilitate the passage of the Cooper pairs across the junction with a constant value
of A¢ or for a zero voltage. For currents larger than the critical current, a finite
voltage appears. This is DC Josephson effect. A typical ideal current—voltage (I-V)
characteristic of a Josephson tunnel junction is shown in Fig. 2.28. The DC Josephson
effect was first observed experimentally in a crossed film junction by Anderson and
Rowell [21].

2.14.2 AC Josephson Effect

At finite voltage, supercurrent still exists but oscillates with time with a frequency
given by

2eV \%4

= — 2.31
p 0 (2.31)

This frequency turns out to be 484 MHz/ V. These oscillations persist up to
frequencies of the order of 1012 Hz or more. This is AC Josephson effect and can be
experimentally observed by irradiating the Josephson junction (J-J) by microwave of
frequency, f. The I-V characteristic now shows a series of current steps at constant
voltage

nhf -
|V, = e where n is an integer (2.32)
e
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Fig. 2.28 A typical /-V behaviour in a Josephson tunnel junction. Note the hysteresis when the
current is swept from — 5 to 4+ 5 mA and back

The [-V characteristics with and without microwave irradiation are shown in
Fig. 2.29. The height of the current steps and the range of current for which voltage
remains constant oscillate with microwave frequency, f. This microwave frequency
mixes up with the Josephson currents whose frequency v depends upon the voltage
across the J-J. Whenever v+nf = 0, there is a zero frequency beat and a current step
appears. When the J-J is biased at voltage V, energy difference between Cooper pairs
on the two sides is = 2 eV and whenever 2 eV = nhf, pairs can tunnel through the
barrier coherently with the emission or absorption of n microwave photons. Please
notice here that the voltage is related to frequency through the universal constants /
and e, which are invariant of time and place. Consequently, international standard volt
has now been defined as the voltage step that will be produced in a J-J irradiated by
microwave of frequency 483,597.9 GHz. Itis, however, necessary to prepare an array
of alarge number of Josephson junctions. An array of a large number of Nb J-J is used
to generate 10 V for voltage standard routinely by the international laboratories. The
voltage can be measured to better than 0.03 ppm accuracy. Josephson effect studies
can be carried out on a variety of junctions prepared by different routes, and three
of such most popular configurations [22] are depicted in Fig. 2.30. Figure 2.30a
is a crossed film Josephson junction consisting of an insulating layer sandwiched
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Without Microwaves

With Microwaves
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Fig. 2.29 [-V characteristics of a Josephson junction with and without microwave radiation.

Current steps appear at constant voltage |V, | = ”Th(; These steps are shown for n = 1, 2, 3
and 4

Superconducton
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Superconductor
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Paint
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I

Fig. 2.30 Three different configurations of the J-J, a a ‘crossed film Junction’, b a ‘weak link” or
a ‘microbridge’, ¢ a ‘point contact’ [22] (With permission of AIP)
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between two superconductors. The first superconductor film is oxidized to form an
insulating barrier, and a film of second superconductor is then deposited. Figure 2.30b
is yet another form of J-J which has a broad superconducting film with a constriction
in the middle and is called a ‘weak link’ or a microbridge. Figure 2.30c is a point
contact J-J consisting of a superconducting screw pressing a bulk-superconducting
slab, mostly niobium, at a point. A niobium oxide film formed on the slab at room
temperature serves as the barrier between the slab and the screw.

2.14.3 The SQUID

SQUID stands for ‘Superconducting Quantum Interference Device’ and is perhaps
the most widely exploited application of Josephson effect and the flux quantization.
SQUID is a device, which can measure feeble magnetic field of the order of 1005 T,
such as produced by the neural activity in human brain, to unprecedented accuracy.
SQUID is used in biomagnetism and geomagnetism for prospecting as also in solid-
state physics. By coupling a small coil, a SQUID can as well be used as an ultra-
low noise parametric amplifier for voltage and current signals from a variety of
transducers. A SQUID could be either a dc SQUID or an rf SQUID. The prefix
indicates the method of coupling of the electronics to the device. Figure 2.31 is the
schematics of DC SQUID [23], which consists of two Josephson junctions (weak
links), J-J1 and J-J2 mounted on a superconducting ring with two side arms. External
current applied to the SQUID (bias current) enters from the left and branches out into
two arms of the device and combines and exits at the right end. When the current in
the weak links (J-J1) and (J-J2) is greater than the critical current, a voltage appears
across the SQUID. The junction critical current (supercurrent) is extremely sensitive
to the flux applied to the ring and is maximum for zero flux. If now the magnetic flux
threading the ring is increased, the critical current starts decreasing and reaches to
a minimum at half the integer of flux quantum ®. Critical current increases again
to a maximum at full integer of ®(. The voltage across the SQUID thus oscillates
with a periodicity of one flux quantum & as shown in the lower part of Fig. 2.31.
The above effect is similar to the one observed in optics when a coherent light beam
from a laser source passes through two parallel slits and interfere with each other
to produce dark and bright fringes. In a superconductor, all the Cooper pairs are in
phase and are described by a single wave function. In a SQUID, the wave functions
at the two weak links (JJ) interfere with each other and produce current and voltage
fluctuations. As shown in Fig. 2.32a.

SQUID in a magnetic field has a critical current versus magnetic field pattern
very much similar to the diffraction pattern formed by the interference between the
monochromatic light coming from the two slits. In a SQUID, the quantum mechan-
ical interference takes place between the currents flowing through the two separate
Josephson junctions. This interference gives rise to the periodicity of current associ-
ated with flux enclosed in the area between the two junctions. The other periodicity,
of course, is associated with the flux contained in a single junction. It is clear from the
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Fig. 2.31 A DC SQUID with two Josephson junctions (J-J1 and J-J2) mounted on a supercon-
ducting ring (fop) and SQUID voltage oscillations with flux (botfom). One can measure a fraction
of the flux quanta accurately in terms of voltage [23]. Courtesy ‘lan Worpole/Scientific American’
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Fig. 2.32 A typical Josephson current versus magnetic field pattern in a DC SQUID
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above discussion that a SQUID can detect and measure a fraction of a flux quantum
digitally and accurately. SQUIDs are widely used as sensitive magnetometers. Clarke
[22, 23], who contributed a great deal to this field, has written very good reviews on
SQUIDs.

With the commercial availability of SQUIDs, a new field of research ‘Magne-
toencephalography (MEG)’ has emerged wherein one can map feeble magnetic field
generated by neuroelectric activities in the brain. Neurosurgeons can pin point the
source of epileptic seizure and can study real time brain activity. A combination of
MEG and MRI can enable a surgeon to have detailed brain map and remove only the
damaged tissues. MEG machines with as much as 600 SQUIDs on a helmet-shaped
headgear are commercially available to map the entire area of the brain.

Itis easier to fabricate rf SQUIDs as it uses a single Josephson junction as shown in
Fig.2.33. Here the interferometer is coupled to an inductance—capacitance—resistance
(LCR) resonant circuit. An AC current flows in the circuit at its resonant frequency.
The voltage across this circuit oscillates with a period of one flux quantum &, with
the flux threading the superconducting ring. The applied flux modulates the critical
current of the J-J as also the voltage. In rf SQUID, the resonant circuit too is kept
at liquid helium temperature. Both the DC and the rf SQUIDS have comparable
sensitivity.

The photographs of a commercial MEG machine TRIUX™ neo produced and
marketed by MEGIN Oy are shown in Fig. 2.34. The patient can lie on a patient table
(left) or can sit comfortably with the head fitted into a helmet-shaped gear housing
few hundred SQUIDS, cooled to 4.2 K. This sophisticated MEG system has become
popular with the neurosurgeons who use it for pre-surgical localization of epilepsy
and for mapping eloquent cortex, including motor functions, hearing and vision.
The system has a ‘zero-boil-off” liquid helium cryostat with virtually zero helium
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Fig. 2.33 Anrf SQUID has a single J-J on a superconducting ring and is coupled to an LCR circuit
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MEGIN

Fig. 2.34 Two versions of the TRIUX™ neo commercial MEG machine produced and marketed
by MEGIN Oy. The patient head fits in a helmet-shaped gear having 306 SQUID channels mounted
on it for mapping the whole brain area. It has a patient table (left) or a chair (right) for patient
comfort. The inset of the left picture shows SQUIDs mounted on a helmet-shaped headgear which
are cooled to 4.2. Courtesy of MEGIN Oy

consumption, has a high tolerance for magnetic interferences and improved patient
comfort. This has made TRIUX"™ neo an important tool for neurological studies,
clinical use and for research. Figure 2.34 shows two versions of the MEGIN machine
with a patient on the table (left side) and sitting on a chair (right side). The inset of
the left figure shows how the multiple SQUIDS are mounted on a helmet-shaped
headgear.

2.15 Type II Superconductors—Abrikosov’s Concept
of Negative Surface Energy

After having studied superconductivity in metals across the periodic table, and the
consequent disappointment with low 7; values, the researchers in the field of super-
conductivity changed track and started looking for superconductivity in alloys and
compounds. Superconductivity was indeed discovered in a large number of alloys and
compounds at higher 7. These new superconductors, however, displayed a strange
behaviour insofar as they did not show perfect diamagnetism like in pure metals.
Instead, they exhibited partial flux penetration. At first instance, it was thought to
be either an experimental artefact or an impurity effect. Abrikosov [24], however,
predicted in 1957 a new class of superconductors, now called type II with anoma-
lous properties. He emphasized that it is a new class of superconductors and not a
trivial impurity effect. He argued that in metal superconductors, referred to as type I
superconductors, occurrence of perfect diamagnetism implies that there is a positive
surface energy at the normal-superconducting boundary. Now consider a normal
region in a type I superconductor in a magnetic field Ba < B the free energy of
normal regions/unit volume is greater than for the superconducting region (diamag-
netic state) by & (BC2 - Bf) Thus in a type I superconductor, the free energy will
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increase if the normal regions were to grow. This is energetically unfavourable, and
therefore, it remains superconducting until a field B is reached. Let us now assume a
negative surface energy [17] at the superconducting—normal boundary. This implies
that the energy will reduce if normal regions are formed in the superconductor.
When a field is applied, a large number of normal regions are formed resulting in a
large negative energy. It thus becomes energetically favourable to allow partial flux
penetration than carrying the burden of expelling the field completely (Fig. 2.35).
To understand the concept of negative surface energy, we should recall that type 11
superconductivity is observed mostly in alloys and compounds (with a few exceptions
like Nb, V and T;.) where the mean free path is very small and so is the coherence
length. Thus, type II superconductors are characterized by a coherence length &
much smaller than the penetration depth . We have shown in Fig. 2.23 that in type
I superconductors, where &€ >> A, the surface energy is positive. The surface energy
in type II superconductors (§ < A) is, however, negative close to the N-S boundary.

Normal Superconducting

Magnetic
flux density

Number of
superelectrons

(a) Penetration depth and coherence range at boundary

\\\} ; conbution

Free .

energy |
density !

o T T — Electron-ordering

(b) Contributions to free energy contribution

Free ,
energy | _______
density ! N

(c) Total free energy

Fig. 2.35 Interface at the superconducting and normal boundary in a type II superconductor has
a negative surface energy as lowering of energy due to pair formation is more than the increase
in energy due to magnetic contribution close to the N—S boundary [17] (With permission from
Elsevier)
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Here we see that well inside the material the two contributions to free energy, that is,
electron ordering contribution and the magnetic contribution cancel each other but
close to the boundary there is now a net negative energy.

2.15.1 Lower and Upper Critical Magnetic Field

Figure 2.36 shows the magnetic phase diagrams of the type I and type II supercon-
ductors. Figure 2.36a is the same as Fig. 2.5 for the type I superconductor, whereas
Fig. 2.36b is the phase diagram for type II superconductors. As seen in the figure,
type II superconductors are now characterized by two critical magnetic fields instead
of one for type 1. A type II superconductor shows perfect diamagnetism only up to a
magnetic field, B, called the lower critical magnetic field. This field is a fraction of
the thermodynamical magnetic field B.. Material, however, stays superconducting
(zero resistance) up to a magnetic field which is significantly higher than B. and is
called the upper critical magnetic field, B,. A type II superconductor can thus sustain
a very high magnetic field and can still carry large current. It is for this reason that
only type II superconductors are of technological importance and are widely used
for magnet construction. All the three critical magnetic fields are interrelated in the
following way;

1
B. = [87(gn — &5)]? (2.33)
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Fig. 2.36 a Magnetic phase diagrams of type I superconductor and b magnetic phase diagrams
of type II superconductor showing type I (Meissner state), type II (mixed state) and non-
superconducting regions (normal state) (Modified Open access under CCA, Phys. Rev. Authors—M.
G. Alford and G. Good, https://doi.org/10.1103/PhysRevB.78.024510)
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Table 2.6 « values for type Metal superconductor k Value
II pure metal superconductors
Nb 0.78
14 0.85
Te 0.92
B
Bi= —— s (2.34)
(+42)
Bo = («/E)KBC (2.35)

(gn — gs) is the energy difference between the normal state and the supercon-
ducting state and « is the G-L parameter (= A/£). As « increases, B, decreases with
respect to Be and B, increases. The value of « is given by the G-L theory:

2)27 22 1o B
‘- W)% 2.36)

where @y = h/2e =2 x 107> T m?, the flux quanta. It is pertinent to note here
that in alloys, electron mean free path is short which means the coherence length &
decreases and A increases thus making « large. For type I superconductor « < 0.71
and for type I ¥ > 0.71. However, k can be more than 0.71 even for pure metals in
exceptional cases as shown in Table 2.6.

For pure metals « increases with impurity and thus with normal state resistivity
as per the relation below:

K = Ko+ 7.5x/10 x 10°y2p (2.37)

where « is the value of k for pure metal, p and y are normal state resistivity and
coefficient of electronic specific heat, respectively. Further, some metals and alloys
behave like type I superconductor at 7, but turn type II at lower temperature. For
example Pbggg Tlog; ¥ = 0.58 at 7, (= 7.2 K) but increases to 0.71 at T = 4.3 K.
For pure vanadium « = 0.85 at 7, (= 5.4 K) and increases to 1.5at 7 = 0 K.

2.15.2 The Mixed State

It will be interesting to know what happens to a type II superconductor between the
lower critical field B.; and the upper critical field B.,. The existence of a negative
surface energy at the N-S boundary favours partial field penetration of the material.
As shown in Fig. 2.37, between B,; and B, the material undergoes ‘mixed state’. It
is energetically favourable that the flux lines, each carrying a unit quantum of flux
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Fig. 2.37 Between B.; and B, a type II superconductor undergoes mixed state. The material
is threaded by flux lines (®¢) produced by vortices of persistent current with a sense of rotation
opposite to the surface screening current

®( (= h/2e) parallel to the applied field penetrate the material. These flux lines form
a triangular lattice and are normal cores of small dimension of the order of diameter
2£. Mixed state is a fine structure with a periodicity of < 107° and is an intrinsic
property of type II superconductors.

The favourable configuration for the normal cores to thread the superconductor
is a cylinder with a maximum surface to volume ratio, parallel to the applied field.
Each flux line is produced by a vortex of persistent current with a sense of rotation
opposite to the surface screening current. The material remains diamagnetic being
protected by the surface screening current, and the supercurrent still flows. In type II
superconductors, current flows through the entire cross section as compared to type
I where the current flows along the surface. As field strength increases, the density
of normal cores increases at the expense of superconducting volume fraction and at
the upper critical field B, the entire structure collapses. The material turns normal.

2.15.3 Current Flow and Mixed State

Type II superconductors are known to carry very large current in presence of high
magnetic fields. Let us see how current is carried by a type II superconductor in
mixed state. In the mixed state, the current is not impeded by the presence of flux
lines, the size of the normal cores being very small (~ 2 &). The vortices repel each
other so that the normal cores are confined to small area and the current flows without
hindrance as long as it does not disrupt vortices. The flux lines, however, experience
a Lorentz force, Fy, under the influence of the transport current and the perpendicular
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Fig. 2.38 In the mixed state flux lines (normal cores) experience Lorentz force (F,) when a
longitudinal current flows through the superconductor. Movement of flux line is prevented by flux
pinning mechanism

transverse field, which tries to move it in the third perpendicular direction (Fig. 2.38).
The movement of the flux lines generates a finite voltage and a resistance appears.
The flux lines are, however, held back by the crystal lattice through a pinning force
Fp. Imperfections, defects and impurities are introduced in to the superconducting
materials to create pinning sites. The pinning force is thus increased significantly,
and the superconductor can carry a much larger current.

The flux lines do not move until the time Lorentz force exceeds the pinning force.
This happens at a current density value, called the critical current density J. of the
superconductor. Once the J, is exceeded, flux lines start moving, a voltage appears
and the material reverts to normal state.

Figure 2.39 shows two typical plots of J. versus the magnetic field. The lower
plot is for a clean, defect-free type II superconductor, and the upper plot is drawn
for the ‘dirty’ superconductor with defects or the so-called pinning centres. As seen
from the figure, J. drops sharply to low value for a pure superconductor at low field
and is hardly of use for practical applications. The dirty superconductors normally
referred to as ‘hard superconductors’ with pinning sites (defects) on the other hand
carries large useful current at high magnetic field. Defects are substituted intelligently
in a superconductor to create pinning sites, which increase the pinning force many
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Fig. 2.39 J. versus magnetic field for type II superconductors in clean limit and the dirty limit
with pinning centres. J. in both the cases drops to zero at B,, but the dirty superconductor carries
high current in the intermediate field region between B¢y and B,

fold. The critical current increases dramatically whereby the superconductor can be
used for magnet applications like in accelerators and the fusion reactors where the
superconducting cables carry several tens of kA current and in high magnetic field.

2.15.4 Measuring Transport Critical Current

Critical current density (J.) in magnetic field is the single most important parameter
for characterizing a superconducting wire. Critical current (/) in a mono-core super-
conducting wire can be measured accurately using a short sample and making the
voltage contacts close to the current contacts. The sample is mounted on a sample
holder and kept in a perpendicular magnetic field. An increasing current is then flown
through the sample. The voltage is continuously recorded which remains zero until
the current exceeds a critical value when the voltage rises sharply. This current is
the critical current I.. The I, is always measured as a function of magnetic field, /.
being a strongly field dependent parameter and is important for designing magnets
or other such devices.

I. measurements on multifilamentary (MF) superconducting wires have to be
carried out on a hair-pin-shaped specimen as shown in Fig. 2.40. While measuring
critical current in a MF wire with several concentric layers of filaments around the
central core, it is important that the voltage contacts are made far away from the
current contacts. There is a current transfer length, [25, 26] which can be many times
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Fig.2.40 A schematic of the superconducting magnet system used for critical current measurement.
Voltage contacts on the multifilamentary wire sample are made far away from the current contacts
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Fig. 2.41 Typical critical current, (/) plots at different fields. /. decreases as the magnetic field
increases

the wire diameter depending upon the matrix resistance. All the layers of filaments
must share the current uniformly. Voltage contacts are made on the horizontal part
of the sample, which is kept in the perpendicular magnetic field. The sample is
kept dipped in liquid helium at 4.2 K. A variable DC current is passed through the
sample from a power supply, and the voltage across the sample is monitored using a
nanovoltmeter and a plotter. In this case, also there is practically no voltage across the
sample with increasing current until a current equal to critical current /. is reached.
There is a sharp jump in voltage at I, as shown in Fig. 2.41. This voltage rise is
caused by the flux flow resistivity of the sample which is different from the Ohmic
resistivity and is proportional to the normal state resistivity. At still higher current,
the voltage becomes resistive and follows an Ohmic behaviour. I, is determined
at different values of the magnetic field. It is advisable to start from the highest
magnetic field so that the current to be passed through the sample is minimum, /.
being low. As the field is reduced, sample carries larger currents (/.) which enhances
the possibility of burnt-out of the sample. A shunt across the sample is therefore
always advisable to save the sample from burnt-out. The criterion to determine /.
is usually 0.1-1.0 wV/cm voltage drop across the sample. The engineering critical
current density, J, is calculated by dividing /. by the area cross section of the wire.

The author has made detailed I.-measurements on a 19 core V;Ga wires [27]
in both the geometries, that is, voltage contacts (V) were made far away from the
current contacts as well as close to current contacts (V) on hairpin samples. Voltage
V| showed the normal behaviour of the horizontal line in the /-V plots followed by
a sharp rise of voltage at I.. V; on the other hand showed steady increase of voltage
with increasing current (similar to observed in short sample geometry) followed by
a sharp rise of voltage at the same value of /.. The important finding of these I,
measurements thus was that the 1. values in both the geometries are almost equal
if one ignores the slope of /-V plots of V. It appears that the current is shared by
copper matrix close to the current contacts in MF wires and the plot therefore shows
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a resistive (current transfer) behaviour (V) resulting in a finite slope. The second
sharp jump in the voltage appears at I, when filaments finally turn normal.

2.15.5 Magnetization in Type II Superconductors

A type II superconductor behaves exactly like type I below the critical field B,; and
is a perfect diamagnet with magnetization equal to — Ba. Beyond B, flux lines start
penetrating the material (mixed state) and the magnetic flux inside the material is
no longer zero as shown in Fig. 2.42a. As the magnetic field is increased magnetic
flux density continues rising till B, is reached. The material is completely taken
over by the flux, turning it in to the normal state. The curve retraces its reverse
path in pure ideal superconductors when the field is ramped down to zero. The
corresponding magnetization versus field behaviour is shown in Fig. 2.42b. As shown,
magnetization increases with magnetic field until B and starts decreasing in field
higher than B,;. The magnetization continues to decrease until it becomes zero at
B,. Between B, and B,, flux lines (normal cores) enter the material. The density of
flux line is governed by the equilibrium between the reduction in free energy and the
mutual repulsion between the vortices. In increasing field, normal cores pack closer
together, so the average flux density increases in the material and the magnetization
decreases. At B,, there is a discontinuous change in the slope of the flux density

Applied Magnetic Field—=
Bc1 Bc Bcz

i n

Flux Density =

<+—— Magnetization =——»

/ I

Bc Bc2
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Applied Magnetic Field=—
a b

Fig. 2.42 a Magnetic flux density inside a type II superconductor is zero up to B,y and increases in
higher field. At B, flux penetrates the whole of the material. The process is reversible in ideal pure
material, b negative magnetization increases with magnetic field, peaks at B; and then decreases
to zero at B,. This process too is reversible for pure ideal material
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and the magnetization. The material now is in normal state with flux density equal
to oBa and magnetization zero.

Magnetization measurement can be used for the determination of k by finding the
slope of the M—H curve near the field B, as per the formula:

[dM] B ~1 238)
dH |5 1.16(2«2 — 1) ‘

The procedure is, however, valid only if the magnetization is reversible, which
means that the same curve should be traced while increasing and decreasing the
magnetic field.

2.15.6 Irreversible Magnetization

Only ideal type II superconductors without pinning show reversibility, but real type II
superconductors (hard superconductors) show irreversibility in their magnetization
behaviour as shown in Fig. 2.43. The reason for this magnetic irreversibility is that
the flux lines or the normal cores are pinned in the bulk by imperfections and are
not free to move. Consequently, on increasing the field from zero there is no sudden
entry of flux inside the material at B,,. Instead, there is rounding in the flux density
and the magnetization curves at B.;. Likewise on reducing the field from above
B, the two curves do not retrace their paths, but show hysteresis. Flux may be left
trapped permanently as some flux line remain pinned and are not able to detach and

+M
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2 .S \ Blcl B¢ ?c?
(=] | °
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5 l 2
'8 | =
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I
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0 Bc‘: Bc 852 -M
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Fig. 2.43 a A real type II superconductor has imperfection and show magnetic irreversibility in
flux density. Material can retain finite flux even after the field is reduced to zero. b Similarly, a real
type II superconductor with imperfections show magnetic irreversibility in magnetization. Material
can retain finite magnetization even after the field is reduced to zero
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Fig. 2.44 Typical plot of magnetization versus magnetic field of a multifilamentary hard supercon-
ductor between + B to — B. Starting from M = 0 and B = 0 point the curve traverses an irreversible
path showing hysteresis. M does not drop to zero even at B = 0 after tracing the full cycle. M can
only be reduced to zero only by warming the sample to above 7T

move out. Imperfections like dislocations, grain boundaries and impurities can cause
this type of magnetic irreversibility. The magnetic field has to be reversed to bring
down magnetization M to zero. The trapped flux at B = 0 can be s retrieved only by
warming the material to normal state.

Figure 2.44 shows a typical magnetization versus magnetic field loop observed in
amultifilamentary conductor. To draw the full M-B loop, we start from point O (M =
0, B =0). The negative magnetization M increases with field up to the field B, (point
A) and starts decreasing with the further increase of the field. Magnetization drops
to zero at B, (point B). The anomalous behaviour of these hard superconductors is
that when the field starts decreasing, the M—B curve does not retrace the earlier path.
Instead, magnetization changes sign and starts increasing to oppose the changing
magnetic field attaining a peak value at C. Now if we reverse the direction of the
magnetic field and start increasing it, M again drops to zero at point D. With the
decreasing field, M again increases in the negative direction to a peak value at point
E. Thus, we find that even after a full cycle from + B to — B, the magnetization does
not drop to zero at zero field. Warming of the superconductor to normal state seems
to be the only way-out.

Notice that the curve is almost a straight line until a small field (= B;) and then
it traverses an irreversible path showing hysteresis. It is shown from Fig. 2.44 that
the reversibility behaviour is associated with the hysteresis and the consequent dissi-
pation. It is interesting to note that the curve is not symmetric around the horizontal
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axis. This asymmetry is caused by the magnetic moments produced by the surface
screening currents opposing the flux entry. Area of the hysteresis loop is the measure
of the dissipation. The dissipation can be estimated from the area of the loop using
the formula:

ths = % M(B)dB (2.39)

This energy dissipation appears as frictional heat and is caused by the movement
of the flux bundles in and out of the conductor. This is important for superconducting
magnets in accelerators where the conductor is exposed to time-varying field. Precise
calculation of heat generation is thus extremely important to work out the cryogenic
refrigeration requirement. Hysteresis is an indication of an effective pinning of flux
lines by imperfections which causes sharp increase of critical current density in type
II superconductors, making them most suitable for magnet applications.

2.15.7 The Bean’s Critical-State Model and Magnetization

Superconducting magnets built during 1960s using hard superconductors performed
poorly and quenched at operating currents far below the expected value. Flux jumping
was found to be the main reason behind this disappointing performance. Flux jump
is caused by the magnetization currents penetrating the surface deeper as the external
field keeps increasing. The problem was solved in the subsequent years, and inge-
nious techniques to produce multifilamentary wires were perfected. These conductors
showed no flux jumping, and the magnets performed just as predicted. AC losses in
hard superconductors is another problem faced, which again is a manifestation of
the magnetization effects.

The first phenomenological theory of magnetization was given by Bean [28, 29].
Even though the mixed state is well explained by the vortex structure postulated by
Abrikosov and verified experimentally. Bean assumed a ‘filamentary mesh structure’
(also referred to as ‘Sponge model’) postulated by Mendelssohn [30] for the sake
of simplified calculations. According to this model, the mesh consists of filaments,
which have diameter less than London’s penetration depth. These filaments sustain
supercurrent up to a critical current density J. that is a function of magnetic field
and becomes zero at the critical field of the filament. The sponge model is equivalent
to a picture of multiply connected internal structure of high critical field material
surrounded by a matrix of soft superconductor with low critical magnetic field.

Bean, however, assumed that the critical current density is independent of the
magnetic field, which would simply mean that the field is far less than the critical
field of the filaments. He also envisaged that the mesh interstices are filled with soft
superconductor of critical field B, which shields the material against the magnetic
field up to Be. The shielding beyond B. is provided by the magnetizing currents
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induced in the filaments at a critical value J.. These currents flow in a depth neces-
sary to reduce the field to B.. Bean drew the magnetization curve of a virgin hard
superconductor cylinder of radius R in a magnetic field parallel to the axis. He
calculated internal field B; as a function of external field B and the position in the
superconductor. Writing the magnetization equation:

Jo (Bi — Be)dv
Jod
where v is the sample volume and the integrals are over the whole volume. For field

less than Be, the shielding will be full if the radius R is much greater than London’s
penetration depth, that is

dnM = (2.40)

B,=0, 0<r<R and 0<B < B, (241

For field greater than B¢ the soft superconductor surrounding the filaments
becomes normal and for higher fields shielding, currents are induced in the filaments
flowing within a depth Dy, given by the circuital form of Ampere’s law

D, = 10(B — B.)/4m J. (2.42)

This field-dependent and macroscopic penetration depth is an interesting result
of this model. Here a new field B* can be defined as:

B* = 47 J.R/10 (2.43)

This step simplifies the analytic expressions and B* signifies the field that should
be applied in excess of the bulk critical field which induces magnetization current
to flow throughout the sample. Under such condition, the penetration depth Dy
will simply be equal to R. Under conditions when all the bulk superconducting
characteristics are destroyed and only shielding currents flow through the filaments:

Bi.=B-B*(1—r/R); 0<r<R B*+B.<B (2.44)

After a few mathematical steps, the expressions for magnetization turn out to be

(i) For0O<B<B.
47 M = —B (2.45)
(ii)) ForB. <B < B* + B,

(B*— B?) N [BX(3B —2B.) — B*]

C

ArM = —B
i T 3B

(2.46)
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(iii) For B > B* 4+ B,
47M = —B*/3 2.47)

The most striking result of this model is that the magnetization in hard super-
conductors is dependent on the macroscopic dimension of the sample. Rightly so,
because critical current is carried by all the filaments, the number of which are
proportional to the sample size. There is an excellent fit between the experimental
magnetization data on Nb;Sn specimens and the theoretical calculations.

The essence of Bean’s critical state model thus turns out to be (i) that each hard
superconductor is characterized by a limiting critical current density J. (B) and (ii)
that any smallest electromotive force induces this full current that flows locally.
The consequences of this model are that the regions inside a superconductor not
experiencing magnetic field will carry zero current, full current at J. will flow in
regions perpendicular to the field axis. The polarities of the current depend on the
polarity of the electromotive force caused by the earlier field change. The field profile
in a slab of large dimensions along the Y and Z axes and finite thickness 2a along
the x-axis is shown in Fig. 2.45a for B = 0, B = B*/2, B = B* and B = 2B*. The
magnetic field is parallel to the surface. The corresponding critical currents with
opposing polarities (+ J. and — J.) for different fields are shown in Fig. 2.45b. It can
be noticed that the polarities of the critical currents along the outer and inner surface
sheaths on the right and left of the mid-axis are in opposite directions.

Figure 2.46 shows the plots of the local field and critical current density in a
slab of hard superconductor after a field B is applied in a virgin state and removed.
When the field By is applied, it penetrates the slab to a depth determined by the
critical current to oppose this field shown in Fig. 2.46a. As we remove the field, an

B, 5o
T i B =]28"
J - B =B"2
I B = B* ‘ +——B—0
B B=B"2
| B=0
_JC
- 23—

Fig. 2.45 Local field (a) and critical current density (b) configuration in a hard superconductor
for increasing external field, B = 0, B = B*/2, B = B* and B = 2B* in Bean’s model. The J.
is assumed independent of field [29] (With permission from APS) http://journals.aps.org/rmp/abs
tract/10.1103/RevModPhys.36.31
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+Jg B=0

b

Fig. 2.46 Local fields (a) and current density (b) configuration in the slab after a field By has
been applied and removed [29] (With permission from APS) http://journals.aps.org/rmp/abstract/
10.1103/RevModPhys.36.31

electromotive force is generated directed in opposite direction to the one at the time
of increasing field. As a result, the surface currents reverse as shown in Fig. 2.46b
wherein the two surface sheaths have oppositely directed currents. The remnant flux
density or the trapped flux as shown in Fig. 2.46a is exactly half the flux penetration
at B = B,.

2.15.8 The Kim Model

Kim et al. [31] generalized Bean’s critical state model and assumed that the entire
region of the superconductor carries critical current, which is determined only by the
local field in the region. They compared experimental data on a thin walled hollow
cylinder with theory. When an increasing external field (along the axis) is applied,
currents are induced in the surface to counter the field. As the field keeps increasing,
current penetrates the specimen deeper inside and eventually reaches a critical state.
Any further increase in the field brings down the critical current density. Based upon
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their experimental data on hollow Nb—Zr and NbsSn tubes, they postulated that
the critical state is a body current in saturation and the concept of critical current
applies to each macroscopic part of the sample. This critical current density is unique
and a function of local magnetic field only. The state of magnetization can then be
determined from this unique J.(B). A rapid sweep in the magnetic field in critical
state generates an electric field, which may result in a normal current flow and
heating. The heating is found severe in regions where the magnetization curve is
steep. This is supported by experiments which indicate that a critical state is difficult
to be realized when the magnetization curve is steep. This implies that going from
one critical state to another is very difficult unless the heat generated by the normal
current is dissipated away fast. If the heat removal is not fast enough, the raise in
temperature might quench a part of the superconductor, which in turn will generate
more heat. Since this additional heat is proportional to M2, flux jumps have been
found frequent in materials with large magnetization. This is the primary reason why
the critical state is difficult to be realized in bulk material of large dimensions. Another
interesting result of Kim model is that Lorentz force is an important parameter for
the determination of the critical current density. They found a simple relationship

a(T) = Ju(B + By) (2.48)

where «(7T') and By are constants. Parameter «(7') is structure sensitive and strongly
dependent on temperature. The strong temperature dependence of «(7') and the fact
that the critical current decays slowly in hard superconductors prompted Anderson
[32, 33] to propose the theory of ‘flux creep’ in these materials.

We will return to the problem of flux jumping in detail in Chap. 5 (Conven-
tional Practical Superconductors) and describe how the problem has been solved
successfully by providing stability to the conductors carrying several kA current.

2.15.9 Flux Creep

Anderson built up over the critical state model proposed by Bean and modified by
Kim and argued that if the critical current J or the field B exceed the critical values
in equation 2.48, flux bundles leak through the material and the material returns to
critical state. Flux lines closer than London’s penetration depth may be considered
bound together via their mutual field interaction and move as flux bundle of dimension
~ 105 to 106 cm. This flux motion has been termed [32] as ‘flux creep’. Anderson
gave a theory [32, 33] of flux creep in terms of the thermally activated movement of
flux bundle caused by an interplay between the Lorentz force (/ x B) and pinning
force. The flux movement is viscous and highly dissipative. Even when the pinning
force exceeds the driving force (Fp > Fy), at a finite temperature (7 > 0 K) the
flux bundles may still hop from one pinning centre to another or from one potential
well to another potential well. This is because by the thermal energy associated with
the driving force of flux density gradient may force the flux bundles to move. Flux
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creep is revealed in two ways. One, the trapped magnetic flux shows a slow variation
leading to a logarithmic decay [33] of flux with time (¢) as

dB o kpln(z) (2.49)

This creep is unobservable slow unless the flux density gradient is close to the
critical value. Second, the flux creep leads to a longitudinal resistive voltages caused
by the drifting of the flux bundles under the influence of current flow through the
conductor. This voltage is proportional to the average creep velocity of the flux
bundle.

The theory of Anderson clearly establishes a marked variation of J. with temper-
ature in the range of 0.5-0.1 7.. The movement of flux bundles is blocked at the
pinning centres by an energy barrier (potential well). When a field is applied, the
flux density in the material is not uniform because of this pinning. In the presence of
a transport current, the Lorentz force exerts a force on the flux bundles and modifies
the local free energy which turns the barrier structure spatially ‘downhill’ direction
in a ‘stair case’ style. At finite temperature below T, the flux bundle jumps over the
barrier under thermal excitation. The bundle jumps at the rate

v=vgexp[— U(B, T, J)/kgT] (2.50)

where vy is a characteristic frequency of flux bundle vibration assumed to be 10310
s~ and U(B, T, J) is the activation free energy.

In high T¢ oxide superconductors (HTS), to be introduced in the next chapter, the
problem of thermally activated flux creep has been found [34-37] to be severe. Several
models based upon the classical theory have been developed. Two models, namely
the ‘giant flux creep model’ [34] and the ‘thermally assisted flux flow model’ [38]
assume that all HTS materials have intrinsically low pinning barriers (Uy/kgT) < 10.
Here Uj is the effective pinning potential height and kg T is the thermal energy. The
studies have shown that the relaxation is considerably faster in HTS in comparison
with the conventional superconductors, though the logarithmic law is followed in both
the types of materials. In HTS single crystals, the value of U has been found [34]
to be 0.02 eV, which is about two orders of magnitude smaller than in conventional
metallic superconductors. On the other hand, the expected temperature of 77 K for
the operation of HTS is high. This makes the height of the pinning barrier (Uo/kgT¢)
extremely small, which results in ‘giant flux creep’. The value of Uy in practical
HTS conductors has been increased significantly by introducing suitable effective
pinning centres.

2.15.10 Critical Current by Magnetization Method

Itis possible to calculate critical current density J, through the magnetization method
using Bean Model [28, 29]. Following expression can be used to calculate J. from
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Fig. 2.47 A typical M-B plot of a inhomogeneous type II superconductor. J. can be calculated
from the measured AM value using the expression (2.52)

the measured magnetization in increasing and decreasing magnetic field (Fig. 2.47):
Jo=2My —M_)/d =1.59 x 10°uoAM/d (2.51)

where J. is in A/m?, ugAM = uo(My — M_) is in tesla and d is the diameter of
the sample grain in metres. The equation in cgs units reduces to:

Jo =20AM/d (A/cm?) (2.52)

where d is in cm.

2.16 Surface Superconductivity—Critical Magnetic Field
Bc3

Saint James and de Gennes [39] in 1963 deduced theoretically that in a finite size-
superconducting specimen superconductivity exists close to the surface of the super-
conductor in contact with a dielectric, including vacuum in field higher than B, . This
new critical field is termed as B3, which is 1.695 times B,,. The bulk material though
is normal. This superconducting surface layer is found to occur in superconductors
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with k > 0.42 and usually in type II superconductors. B3 depends upon the angle the
applied field makes with the surface. It has a maximum value if the field happens to
be parallel to the surface and is given by

B =24k B, =1.7By, (2.53)

B3 decreases with the angle and is minimum when the applied field is perpendic-
ular to the surface. B.3(min) reduces to B, for type II superconductors. An indicative
magnetic phase diagram (B—k plots) incorporating Be, B, B, and B has been
shown in Fig. 2.48. A type II superconductor now has superconducting state, mixed
state, surface superconductivity and the normal state at different field values. Since
surface superconductivity occurs for materials with k > 0.41 the phenomenon is
observed even in Type I superconductors. For example, in Pb, k increases from 0.37
(at T, = 7.3 K) to a value of 0.58 at T’ < 1.4 K and surface superconductivity is indeed
observed. Surface superconductivity is observed at the interface of the material and
a dielectric (or vacuum). Surface superconductivity does not occur at the interface
of the superconductor and a metal. So, no surface superconductivity is observed if
a type II superconductor is coated with metal. For field higher than B,,, the surface
layer shrinks to two strips along the length of the specimen. Close to Bz, these
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Fig. 2.48 An indicative magnetic phase diagram of a superconductor in contact with a dielectric,
showing B« plots for Be, B¢y, Be; and B3 and the existence of surface superconductivity for
k>0.42
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Fig. 2.49 For perpendicular field greater than B, surface superconductivity reduces to two strips
parallel to the two sides of the specimen

strips reduce to just two lines where the field happens to be parallel to the surface
(Fig. 2.49).

2.17 Paramagnetic Limit

B, in type II though is high and still increases at reduced temperatures but cannot
be increased open-endedly, even if k too is made high. In fact, the B, of the best-
known superconductor is limited to a value much smaller than the predicted one. In
high magnetic field, the electron spins tend to align themselves along the direction
of the field. This lowers the magnetic energy considerably, which is not conducive
to superconductivity that envisages anti parallel spins to form Cooper pairs. At high
enough field, it may be energetically favourable for the material to go to normal para-
magnetic state rather than remaining in a superconducting state. Experimentally, the
highest value of B, has been found limited to what is known as the paramagnetically
limited field, Bp = 1.6 x 10° T, (A m~!) beyond which superconductivity does not
exist, irrespective of how large is the value of k.
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Chapter 3 )
High-Temperature Cuprate i
Superconductors and Later Discoveries

Abstract The discovery of superconductivity at 30 K in an oxygen deficient
LayBa; CusOs(;3_yy compound by Bednorz and Muller in 1986 marked a turning point
in the history of superconductivity. The discovery at last lifted the despondency under
which the superconductivity community was reeling since 1973 when a highest 7.
= 23 K was recorded in sputtered Nb3;Ge films and the 7. went no further. Chu
raised T, of this compound to 40 K by applying pressure and Cava to 36 K after
substituting Sr at the La site. A breakthrough came in early 1987 when Wu and Chu
announced a record T, = 93 K in Y;Ba;Cu30;. T, thus crossed the 77 K mark first
time. Soon Maeda discovered superconductivity at 110 K in another cuprate of the
type BiySr,Ca,Cus Oy (Bi-2223 with 3 CuO; layers). These layered curates have
large anisotropy. The superconductivity is strong in the a-b planes (CuO; layers)
and weak along the c-axis. Critical parameters B, and J. too are high in the a—b
plane and low along c-direction. Both the materials, Bi-2223 and YBCO are produced
commercially and used for selected applications. The new improved 2G YBCO wires
are coated thin film conductors produced by employing sophisticated techniques
and getting popularity among the community. Two more cuprates with still higher
T, and analogous to Bi-system were discovered. A T, = 125 in TI,Ca;Ba;Cu3O,
(T1-2223) and 135 K in Hg;Ba,Ca,;Cu30¢,s (Hg-1223) were reported. These mate-
rials were, however, not pursued for commercial production because of the toxicity
involved. Superconductivity was also discovered in MgB, at 39 K by Nagamatsu in
2001. MgB,; behaves like a BCS superconductor but is characterized by two widely
differing energy gaps, namely, 6.8 meV and 1.8 meV, two coherence lengths (13 and
51 nm) and two penetration depths (47.8 and 33.6 nm), respectively. This hinted at
the presence of two species of electrons (o bonding and 7 bonding) forming Cooper
B 11— 1.7),high
critical field, B, of up to 60 T and irreversible field Bj;; up to 40:1". MgB; carries large
self-field as well as in-field critical current at 20 K. One more surprise came when
Hosano reported superconductivity in iron-based oxypnictides of the type LaFeAsO
1111 at 26 K. T in excess of 50 K were reported in Sm and Nd-based pnictides. The
strategy adopted to enhance 7 has been to dope the insulating La, O, layer suitably
whereby a charge, electron/hole is transferred to the Fe,As, conduction layer. Thus,
a T. = 38 K was reported in a K-doped (Bag Ko 4)Fe,As, 122 compound. Record
high T, = 203 K has been reported in sulphur hydride which has been found to be

pairs. The material has low anisotropy of upper critical field <
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a BCS superconductor. More recently, a 7. = 288 K (15 °C) has been reported in a
C-S-H compound under a pressure of 267 GPa. This value of 7, is almost the room
temperature.

3.1 Discovery of Superconductivity in La-Ba-Cu-O System
(T. =35K)

The search for superconductivity among the elements in the periodical table, in
alloys and compounds continued unabated after the discovery of this fascinating
phenomenon. Superconductivity was indeed discovered in a variety of families (listed
in Table 3.1), but the T still remained confined to low value, necessitating the use of
liquid helium for operation. The highest 7, was obtained in 1973—-1974 in thin films
of Nb3;Ge by Gavaler [1] and Tastardi et al. [2] by optimizing the deposition param-
eters. There was a lull for next 12 years until in 1986 all of a sudden, something very
extraordinary happened. Two research scientists at IBM, Ziirich, namely, Bednorz
and Muller discovered [3] superconductivity at 30 K in an oxide compound of the type
Las_,Ba,Cus05(3_y). The compound was prepared by co-precipitation of the nitrates
of La, Ba and Cu taken in appropriate ratios. This was followed by the solid-state
reaction at 900 °C in areduced atmosphere. Samples were finally prepared in the form
of pellets sintered at 900 °C. The resistivity behaviour of these samples is shown in
Fig. 3.1. Clearly, the resistivity drops with the fall of temperature nearly linearly, then
rises logarithmically and then drops sharply by three orders of magnitude. The onset
transition temperature is 30 K. Three phases were detected in the material: (i) a cubic
phase dependent upon Ba composition, (ii) a superconducting phase La; gBag,CuOy4
and (iii) Perovskite layered phase of the type K,NiF, witha =3.79 Aandc = 13.2 A.
The resistivity was found to be changing with measuring sample current indicating
that the superconductivity is granular in nature. The material turns out to be an O*~
deficient phase with mixed valence Cu constituents, namely, Jahn—Teller ions Cu?t
and non-Jahn—Teller ions Cu** resulting in a large A (the electron—phonon coupling
parameter) and large metallic conductivity. The ideal perovskite La,CuQy structure
is shown in Fig. 3.2 is orthorhombic at room temperature and becomes tetragonal at
500 K. Pure La,CuQy is insulating and antiferromagnetic with a Neel temperature
of 290 K. Ba and Sr substitute at La sites and the compound La,_,M,CuO, shows a
T. of 35 K at M = 0.15 and 0.2 for Ba and Sr, respectively. The doped material has a
tetragonal structure at room temperature and turns orthorhombic at 180 K. It was not
the first time that superconductivity was observed in oxides. As early as 1973, John-
ston et al. [4] reported superconductivity in a Li-Ti-O system with a T, = 13.7 K. The
X-ray analysis showed the presence of three crystallographic phases. One phase with
a spinel structure had the highest T, with a comparatively low carrier concentration
of n = 2-4 x 10*!/cm?. Soon after Sleight et al. [5] reported a 7, = 13 K in a mixed
valence BaPb;_,Bi,O; system which also has a perovskite structure. Strong elec-
tron—phonon coupling was believed to be responsible for superconductivity. Prior
to the discovery by Bednorz and Muller, scientists had almost given-up hopes of
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Table 3.1 Different families of superconductors with corresponding 7¢ values (most values from
[8], Courtesy R. P. Aloysius)

S. No. Type of superconductor Example Max. T; (K)

1. Pure elements Nb 9.2

2 Transition metal alloys MoRe 12

3 Carbides NbC 11

4 Nitrides NbN 15

5 Amorphous superconductors VGa 8.4

6 Nitrocarbides NbNy7Co3 18

7 Laves phase (C-15 structure) CeRuy 6.1

8 Cheveral phase PbMoeSg 12-14

9 A-15 (B-Tungsten) Nb3Sn-NbzGe 18-23

10 Organic superconductors (TMTSF),PFg 1 (at 12 kbar)

11 Intercalated superconductors TaS>(CsHsN) 2 3.5

12 Heavy fermionic superconductors | UPt3-CeColns 0.48-2.3

13 Magnetic superconductors ErRh4B4 8.6

14 Semimetal superconductors LasSey4 10

15 First oxide superconductors BiPb;_,Bi, O3 13 (x =0.25)

16 K-doped Ba-Bi oxide, supercond. | (BagcKp4)BiO3 31.5

17 Boro-carbides YNi,B,C 15

18 Rare earth cuperates YBa;CuzO7_5 92

19 Lanthenate (discovery of high-7. | Las_,Ba,Cu505:3—y) 35
superconductor)

20 Bismuth oxide superconductors Bi}.7Pb.4Sr1 §CarCus 50, 110
(Bi-2223)

21 Mercury oxide superconductors HgBa;CayCu3Ogys 155 (15 GPa)
(Hg-1223)

22 Thallium oxide superconductors Tl,CaBayCusz O, 125
(T1-2223)

23 Fullerides RbyCgo 45

24 Magnesium diboride MgB, 39

25 Iron pnictides NdFeAsOg g2Fo.18 51

26 F-doped La-Fe-As compounds NdFeAsOg g>Fo .18 55K

27 Iron chalcogenides Tlp.cRbg.4Fei 67Ser 33

achieving high T; in superconductors under the belief of the theoretical predictions
made around the time. On the basis of the BCS theory even with highest values
of the electron density of state and the electron—phonon coupling parameter, the 7
would not go beyond 30 K. What happened after the publication of the celebrated
paper by Bednorz and Muller was something unprecedented and quite unexpected.
Superconductivity was reported in oxide systems one after another with higher and
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Fig. 3.1 Electrical
resistivity plotted against
temperature for the
compound
LayBa;Cus0533-y).
Superconducting transition
occurs at ~ 30 K and the
resistivity shows variation
with measuring current [3].
With permission of Springer
Science + Business Media

Fig. 3.2 Ideal La;CuOq4
(K2NiFy) crystal structure.
Superconductivity sets in
with Ba/Sr substitution at the
La site
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Fig. 3.3 Transition temperature (7¢) versus the year of discovery of the superconductor. The curve
rose sharply in 1987 with the discovery of cuprates, in 2008 in iron based superconductors and
in 2015 in sulphur hydride. Green circles are BCS superconductors, green stars heavy fermions,
red triangles carbon allotropes, purple triangle buckminsterfullerenes, orange squares are iron—
pnictogens and the blue diamonds are the cuprates. (Adapted from PJ Ray—CC BY-SA 4.0)

higher transition temperature, climbing well above the liquid nitrogen temperature
(77 K) mark. Within a couple of years, T rose to as high as 150 K making the 7;/year
graph rising almost exponentially (Fig. 3.3).

Chu et al. [6] at the University of Houston raised the 7, of the compound
(Lag gsBag.15)2CuO4_,, from 36 K at ambient pressure to 40 K after applying a pres-
sure of 13 K bar. Cava et al. [7], on the other hand, partially replaced La by Strontium
replicating chemical pressure. The compound studied had the chemical composition
La; gSrg,CuQ4. Undoped La,CuQy structure is slightly orthorhombic distortion of
K,NiFy, all the copper ions are in Cu?* state and no superconductivity is observed
down to 4.2 K. Substitution of La by Sr stabilizes tetragonal undistorted K,NiF,
and oxidizes some Cu to Cu®* state resulting in a mixed valence compound. The
compound had been annealed in air as well as in oxygen [7]. Sample annealed in
air revealed the presence of a mixture of a metallic phase, a semiconducting phase
and a superconducting phase. Oxygen anneal on the other hand leads to a metallic
and a superconducting phase. Oxygen anneal also improves the onset 7, from 36.5
to 38.5 K. Thus, Sr and oxygen both are important for the oxidizing condition.
Oxygen pressure influences Cu**/Cu?* valence ratio as well as charge compensation
by O-vacancies.

The discovery of superconductivity by Bednorz and Miiller in an oxide system
opened the flood gate to the discovery of a larger family of oxide systems containing
copper. Many superconductors containing Cu-O layers, now called cuprates with
higher and higher T values rising far above the boiling temperature of nitrogen, 77 K
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were discovered. This evoked great excitement among the scientific community of
all shades who hoped that an engineering revolution will soon take place where the
conventional superconductors used in large-scale applications will be replaced by
these oxide superconductors. Although the hope of using these superconductors at
77 K for producing high magnetic fields has not been realized, yet selected cuprates
have been produced commercially and are being increasingly used in a variety of
power applications where high-current densities in presence of high magnetic field are
not required. They have nevertheless been found suitable for high-field production,
when operated below 65 K. A vast family of cuprate superconductors is tabulated
along with their T;. values in Table 3.2.

Below we briefly discuss the discovery of important superconductors that
surpassed the T; of the previous superconductors.

3.2 The Y-Ba-Cu-O (YBCO) System—TFirst
Superconductor with 7. Above 77 K

A real breakthrough occurred in the history of superconductivity in March 1987 when
Wu et al. [9] discovered superconductivity in a YBa,CuzO7_, (or simply YBCO or
also called just Y123) system at a 7. of 93 K making it possible first time to cool
down a superconductor below its 7. using liquid nitrogen instead of liquid helium.
Figure 3.4 shows the resistivity/temperature plots at different magnetic field reported
by Wu et al. [9]. The superconducting phase was identified to be Y Ba,Cu3;0O7 which
is an oxygen deficient triplet perovskite unit cell of the type ABOs_The triplet cell
would have been (Y;Ba;)Cu30y9 but the superconducting phase is oxygen deficient
thatis, Y{Ba,Cu3zO7 and has a T, = 93 K. Y;Ba,Cu3 O has an orthorhombic distorted
structure and is shown in Fig. 3.5. Clearly, Cu ion has two distinct crystallographic
and dissimilar sites Cu(1) and Cu(2). Cu(1) is surrounded by a squashed square
planar O configuration in the b—c plane and linked to similar sites in a one dimension
along the b-axis. Cu(2) site is 5 coordinated by a square pyramidal arrangement of
O. The vertex of the pyramid is at O(4) site along the c-axis. The Y ion is at the
centre of the two Cu-O sheets eight O-coordinated and Ba 10 O-coordinated. We
thus find that Cu-O network is important for cuprates. Cu(1)-O(1) chains are crucial
to superconductivity in this material. Cu(2)-0(2) and Cu(2)-0O(3) do not seem to be
so crucial for 90 K transition.

Cu(1)-0O(4) bond is much stronger than Cu(1)-O(1), bond lengths being 1.85 A
and 1.943 A, respectively. Oxygen vacancies occur on O(1) sites easily which brings
down the transition temperature. At stoichiometric O7, copper exists in divalent and
trivalent state as per the expression below:

At O7 Y,Ba,Cu307 = Y3"BaZ™Cu* (1)Cud(2)03~ (3.1)
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Table 3.2 Large variety of cuprate superconductors with their 7; values. ‘n’ represents the number
of CuO; layers in the compound

S. No. Compound T. (K)

1 Laj gs(Ba/Sr)g.15CuOy 35

2 LaZCuO4+3 45

3 Laj 6Srg.4CaCurOgys 60

4 Y Bay;Cuz Oy 92

5 Y 1 BazCU3 08 82

6 TIBa;Ca,,—1Cu,, 02,43 120 (n = 3)
7 TIBa;Ca,—1Cu, 0244 127 (n = 3)
8 BiySrpCa;,_1Cu,, 0204 110 (n =3)
9 HgBaZCan_ICun02n+2+5 134 (n = 3)
10 CuBa;Ca,_1Cu, 07 120

11 SryCa,,—1Cu, Oy 90

12 Pb;,Sr,(Ca,Y,Nd)Cu3Og 70

13 Pby(Sr,La);CuyOg 32

14 PbBaSrYCu3Og 50

15 (Pb,Cu)(Ba,Sr);,(Y,Ca)Cuy07 53

16 Pb0,5Sr2,5(Y.Ca)CU2O7 104

17 (Pb,Cu)(Sr,La);CuOs 32

18 (Nd,Ce),CuOy4_s 24

19 (Nd,Ce,Sr)CuO4-—s 28

20 (Pb,Cu,Eu,Ce);(Sr,Eu);CuyOg 25

21 (EuCe),(Ba,Eu)>,Cu3z0qg 43

22 Bi;Srp(Gd,Ce),Cuy (CO3)07 34

23 Tlo.sPbg.5Sr4Cuz(CO3)07 70

24 (BaSr),Cu0,(CO3) 40

25 Sr4_,Ba, TICu,(CO3)07 62

26 T10.5Pb0,5SrzGdz_xCeXCuzOg_;, 45

27 NbSr,(Gd,Ce)2Cuz Oy 27

28 Bi;Srg_Cuz019(CO3)2 40

29 (Cuo,5C0,5)Ba2Can,1 Cun02n+3 117 (n = 4)
30 YCaBayCus(NO3)9.3(CO3)0.7011 82

31 CuSry_,La, YCuy Oy 60

32 GaSrpLn;_,Ca,Cuy 07 73

33 (Co.35Cu0.65)Sr2(Y0.73Ce0.27)2 Cup O 13

34 BiygSr4sCaCu3Oqg4x 84

Data from [8], Courtesy R.P. Aloysius
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Fig. 3.4
Resistivity/temperature plot
of Y-Ba-Cu-O at different
magnetic fields by Wu et al.
[9]. With permission from
APS. http://journals.aps.org/
prl/abstract/10.1103/PhysRe
vLett.58.908

Fig. 3.5 Crystal structure of
Y BayCu30O7. Notice two
Cu-O sheets in the a—b plane
sandwiching Y-atom and the
Cu-O chains along the
b-axis.
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Oxygen depletion leads to change in structure from orthorhombic to tetragonal.
T, starts decreasing with oxygen loss and so does the oxidation state of Cu. As O-
content decreases from 7 to 6.5, T, decreases from 93 to 55 K and Cu(1) and Cu(2)
are in divalent state. At O = 6.5, the material becomes semiconducting. In fact, there
is a plateau in the T;. versus O-content curve at Og 5. As O-content decreases further,
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T. decreases too and at O = 6, and the material turns in to an insulator. The oxidation
state of Cu reduces to univalent. The oxidation states of Cu at Og and Og s can be
expressed like this:

AtOgs Y Ba,Cu3065 = Y*"Baj cu®™ (1)Cu3t(2)0Z 5 (3.2)

AtOs Y Ba,Cu3;04 = Y™ Ba3TCu'*(1)Cu3t(2)07~ (3.3)

There is a striking correlation between the 7, and the oxidation state of Cu. T
is found to be maximum when the oxidation state of Cu is *2.2 which is found to
correspond to O7 stoichiometry. Both 7; and the copper oxidation state scales with
the oxygen stoichiometry almost identically as seen from Fig. 3.6. T, thus seems to
be strongly dependent on the valence state of Cu which is controlled by the oxygen
stoichiometry. One can explain this correlation between the valence state and 7, on
the basis of the so-called charge transfer model. A detailed crystal structure of YBCO
system, a repeat unit cell, is shown in Fig. 3.7. The CuO,; planes sandwiching the
Y-atom constitute the conduction layers. These double CuO, planes are separated
by the so-called charge reservoir layers or the intercalating layers which consists of
metal-oxygen layers of Cu, Ba and oxygen. Many cuprate superconductors have been
discovered by manipulating the number of CuO; planes, metal atoms in the charge
reservoir layer and crystal structure. Quite a few of these cuprates are tabulated
along with their 7; values in Table 3.2. YBCO has two Cu-atoms per unit cell in
the conduction layer and one Cu-atom in charge transfer layer forming Cu-O chains.

YBa,Cu,0 — 100
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(y) °1 *eumjesadwa) uonisues)

2.14
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1.0 0.8 0.6 0.4 0.2 0

Value of x in YBa,Cu,0q , ,

Fig. 3.6 7. and the valence state of Cu in YBCO plotted against O-contents. 7, decreases as the
oxygen content decreases from 7 to 6. Note the similarity in the two curves. Highest 7, occurs at
Cu*%!. From my lecture notes, original data source could not be traced
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Fig. 3.7 Repeat unit cell structure of Y{BayCuzO7_,. The CuO; planes on either side of Y-atom
are the conduction layers and the Cu-O chains and the Ba-O planes constitute the charge reservoir
layers

A reduction of O from 7 to 6 leads to equal distribution of O along the ‘a’ and
‘b’ axes and the structure changes from orthorhombic to tetragonal. The tetragonal
phase is not superconducting. Holes are created in the conduction layers as the
electrons are transferred to charge reservoir layers’. This changes the oxidation state
of Cu to optimum value (Cu**!) in the conduction layer causing the material to turn
superconducting.

Even though YBCO remains to be the most studied and developed system, yet
Y can be replaced by almost all the rare earth elements except Pr and Cs yielding
this 123 compound with a 7, = 90 K. Even the magnetic material Gd yields Gd123
superconductor with 7, = 90 K.

3.2.1 Method of Synthesis of YBCO

The most popular technique for synthesizing Y123 is the standard technique of
solid-state diffusion [10]. Appropriate quantities of Y,03, BaCO3 and CuO as per
the formula unit Y;Ba,Cu307_, are mixed thoroughly and ground in a pestle mortar.
The fine powder so prepared is calcined at around 900 °C for about 20 h. This powder
is finely crushed and calcined again. This process is repeated about three times when a
homogenous mixture is obtained. The powder is now pressed in to the form of a pellet
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or a bar and sintered at 920 °C for 20-25 h under flowing oxygen. Pieces of desired
dimensions can now be cut from this pellet for different types of measurements. It
is important to cool the sample slowly from the sintering temperature to have the
stoichiometric oxygen (O5) in the compound. Our experience shows around 60 °C/h.
cooling rate is optimum [11]. Fast cooling changes the orthogonal phase in to the
tetragonal phase and makes the material non-superconducting. Target pellets are also
prepared for thin film deposition following this method. Adequate oxygen supply
during the sintering process is essential to get oxygen stoichiometry to 7.0. This
becomes rather difficult while supplying oxygen to Ag-clad wires. The author has
used successfully an addition of HgO to the bulk YBCO before calcination which
provides an internal source of oxygen [12—14]. A perfect O7 stoichiometry has been
obtained using this technique.

3.2.2 Some Peculiar Properties of YBCO

These cuprate superconductors are highly anisotropic materials and have widely
different characteristic parameters and properties in the a—b plane and along the c-
axis. Among the family of cuprates YBCO is, however, the least anisotropic. A well-
oxygenated stoichiometric YBCO superconductor, for example, has the following
typical parameters (Table 3.3).

Another peculiar property observed in these cuprates was the linear variation of
the normal state resistivity with temperature down to 7. This linear p—T behaviour
in these compounds cannot be explained on the basis of electron—phonon interaction
since tl}e mean free path (~ 100-200 A) is much greater than the lattice parameter
(~3.8A).

Table 3.3 Typical
parameters of a stoichiometric
Y BayCu307 in the a—b plane ~ Critical temperature, 7c (K) |93 K

Parameter Y Ba,Cu30O7

and along the c-axis Lattice parameters a=3.8591A
b=39195A
c=11.8431 A
Coherence length (0 K) Ea (0)=15A
§c(0)=3A

London penetration depth Aab (0) = 1400 A
Ac (0) =7000 A

Normal state resistivity Pab = 0.5 m cm and metallic
pc =20 mQ cm and
semiconducting
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3.2.3 YBCO Wires and Tapes

High hopes were generated, first time, to use this material for high-field supercon-
ducting magnets and operate them at 77 K but the results were disappointing. The
critical current in bulk YBCO superconductor drops down sharply with the appli-
cation of magnetic field for a variety of reasons. One important reason is that these
materials happen to be granular [10, 15] with grain boundaries which are weakly
superconducting or even insulating. High critical current densities have however
been reported in epitaxially grown YBCO films [16] and in YBCO single crystals
[17]. This resulted in high expectation of developing this material with high critical
current densities needed for high-field applications. The critical current within the
grain has been found to be quite high ~ 10° A cm~? at 77 K. After a few years
of intensive research, the focus of R&D activity shifted from research laboratories
to industry for their commercial production. American Superconductors, Furukawa,
SuperPower and Sumitomo are some leading companies marketing HTS wires, tapes
and current leads. 2G YBCO or rather 2G REBCO-coated conductors are increas-
ingly used for power devices like fault current limiter (FCL), transformer and rotating
machine. More recently, ingenious methods have been developed to produce REBCO
cables capable of carrying tens of kA current. Full details of the fabrication tech-
niques employed to produce these wires and cables will be discussed in Chap. 6 titled
‘Practical Cuprate Superconductors’.

3.3 The Bi-Sr-Ca-Cu-O (BSCCO) System

Soon after the discovery of superconductivity in YBCO system at 93 K, Maeda
et al. [18] reported superconductivity above 100 K in a Bi-Sr-Ca-Cu-O system,
first high-7, material without a rare earth element. Figure 3.8 shows the redrawn
version of the original curve of the resistance versus temperature behaviour of this
compound which happens to be a multiphase superconductor. This was the first
observation made by Maeda’s group on 24 December 1987. An onset of supercon-
ducting transition was observed at 114 K with a tendency to go to zero resistivity
at 105 K. A second transition is observed showing zero resistivity at 80 K. Their
initial attempts to isolate the high-7; phase failed and they announced the discovery
on 21 January 1988. Takano et al. [19], however, succeeded in stabilizing the high-
T. phase (= 110 K) through the partial substitution of Bi by Pb. Further studies
established the coexistence of three distinct crystallographic phases, namely the
Bi(Pb),Sr,Ca,;Cu3 O, phase, Bi;Sr,Ca; Cu,0, phase and the Bi,Sr,CuQ, or simply
referred to as Bi-2223, Bi-2212 and Bi-2201 phases with T; values of 110 K, 80 K
and 10 K, respectively. In our laboratory, we have been obtaining phase pure Bi-
2223 material by solid-state and also by solution technique with a 7, of 110 K. Best
results have been obtained on nominal composition like Bij ¢Pbg 4Sr,Ca;»Cuj3 50,
[20] and Bi; 7Pbg 4Sr; gCa,Cus 50, [21] which are rich in Ca and Cu and deficient in
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Fig. 3.8 Replicated original resistance versus temperature plot of Bi-Sr-Ca-Cu-O by Maeda et al.
The curve shows multiple superconducting transitions at 114, 108 and 85 K [18]

Sr. These Bi-cuprates have orthorhombic structure and have Cu-O layers separated
by Sr-O and Ca-O layers and two double Bi-O layers at the two ends of the unit
cell. As seen from Fig. 3.9, the c-axis increases with the number of Cu-O layers. The
c-axis is 24.6 A for the 2201 phase, 30.89 A for 2212 phase and 37.1 A for the 2223
phase. There is one Cu-O layer in the 2201 phase, two Cu-O layers in 2212 phase
and three Cu-O layers in the 2223 phase. It appears that 7, goes up as the number of
Cu-O layers increase. T, has however been found decreasing if the number of layers
increases beyond three. Crystals of Bi-cuprates have mica like morphology. The 80 K
Bi-2212 compound show modulation in the ab plane structure with 4b periodicity.
The modulation is related to oxygen content and the Bi-O layers but does not play
role in superconductivity. Inter-growth of the phases is a problem in the synthesis
of Bi-compounds. Sometimes, this intergrowth has been found [21, 22] to provide
effective flux pinning enhancing critical current density, J. in Bi-2223 system.

3.3.1 Bi-2223 Wires and Tapes

Until the arrival of 2G, YBCO-coated tape conductors, Bi-2223 was the only material
which has been commercially produced and used in applications like magnets, current
leads high-gradient magnetic separators, fault current limiters and the likes. Bi-2223
had been the favourite high-7;, material for manufacturing because one needs to use
a simple PIT technique followed by mechanical drawing, rolling and re-bundling
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Fig. 3.9 Unit cells of the three Bi-compounds with compositions 2201, 2212 and 2223 having one,
two and three Cu-O layers and increasing c-axis value, respectively

with intermediate heat treatments. Typical cross section of a circular wire and a
rectangular tape with multifilaments are shown in Fig. 3.10. Another more subtle
reason is that the c-axis grain alignment can easily be achieved when shaped in
to the form of tapes. Grain alignment is achieved during the rolling process when
compressive stress forces the plate-like Bi-2223 grains to align parallel to the tape
surface. Weak link problem is thus minimized in this material. Bi-2212 on the other
hand needs heat treatment of the partially melted material followed by solidification
after the tape forming to get the grain alignment. NRIM (now NIMS) together with

Fig. 3.10 Cross section of the multifilamentary Ag/B(P)SCCO wires and tapes [8]. Courtesy R. P.
Aloysius
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Asahi Glass and Hitachi Cable Group in Japan had produced a field of 21.8 Tat 1.8 K
by using a Bi-2212 coil [23] as the innermost insert. A background field of 18 T was
provided by a combination of Nb-Ti and Nb3Sn coils. The tapes were fabricated
following the doctor-blade technique. More recently, round wires of Bi-2212 have
been produced with high J. by eliminating bubble formation in the grains through
over-pressure heat treatment. This will be discussed in detail in Chap. 6.

The problem with high-T, material is that the critical current density, J. in these
materials drops rather sharply in increased magnetic field when operated at high
temperature, 77 K. This is primarily due to the weak pinning at these temperatures
and the large anisotropy of J.. Both are caused by the 2D nature of the structure
of BSCCO system. Weakly superconducting or non-superconducting oxide layers
separate the CuO, layers where the superconductivity resides. When a magnetic field
is applied parallel to the layers (along the ab plane), vortices pass through the weakly
superconducting layers (charge transfer layers), but CuO; layers prevent the vortex
movement in the perpendicular direction. This is the new type of pinning force called
‘intrinsic pinning’ [24]. BSCCO tapes in parallel field configuration can thus be used
even at 77 K and still carry significant current. In field parallel to c-axis, the vortex
is divided into segments by non-superconducting layers because of extremely small
coherence length along this axis. This segment is referred to as ‘pancake vortex’ [25]
and is confined within the CuO, layer and free to move because it is not strongly
connected with the vortex in the next layer. In our initial studies on MF Ag/BSCCO
tapes [21], we found a variety of impurity induced defects which probably served
good pinning centres in a low purity commercial (CuO 99%) grade material tapes.
Figure 3.11a shows dislocation network in a (001) basal plane in a Ag/BSCCO-
2223 tape with a core thickness of 140 wm. The same tape is further rolled to small
thickness where the core thickness is reduced to 7 wm. As shown in Fig. 3.11b, the

Fig. 3.11 Transmission electron micrographs of the core material of a Ag/BSCCO-2223 tape
prepared using commercial grade oxides and carbonates. a is a tape with 140 pwm thick core and
shows dislocation network in (001) basal plane. b is the same tape rolled down to a core thickness of
7 pm and re-sintered. The density of dislocation increases in (b) sample. The dislocation network
corresponds to the low-angle twist grain boundaries. J; too increases [21]. With permission from
Elsevier
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Fig. 3.12 TEM micrograph
of (b) sample of
Ag/BSCCO-2223 tape,
rolled to fine size (7 wm
core) and re-sintered, which
shows the intergrowth of low
T¢ (2212) and high-T; (2223)
phases [21]. With permission
from Elsevier

dislocation density increases and improves the flux pinning. The dislocation network
corresponds to the low-angle grain boundaries. The J; value of the 7 um (b) sample
is 6.14 x 10®> A m~2 (77 K, self-field) and 1.49 x 10° A cm~? (4.2 K, self-field).
Yet another type of defect structure observed in the (b) sample is the inter-growth
of the two phases, viz.; the low T, (2212) and the high-T;. (2223) phase with a c-
axis parameters of 30.89 A and 37.1 A, respectively. The J, value after the rolling
and re-sintering process is found to increase substantially. The commercial grade
CuO (99 %) was found to have 60 ppm Fe which preferentially occupies the Cu(II)
square pyramidal site as revealed by Mossbauer studies. This results in stacking faults
and the intergrowth of the 2212 and 2223 phases (Fig. 3.12). These defects may be
responsible for effective flux pinning and the higher J., as observed experimentally.

Among several manufacturers of the Ag/BSCCO wire, American Superconduc-
tors (AMSC) of USA and Sumitomo Electric Company (SEC) of Japan were the
main players supplying this material for different applications. SEC of Japan had
been marketing Ag-matrix clad BSCCO wires in long lengths under the code name
DI-BSCCO wires [26]. AMSC mainly supplied two types of wires. One code named
1G-HSP HTS (high-strength plus HTS wire) meant for applications where high
mechanical strength was required. This wire had BSCCO-based multifilaments (MF)
and was encased in a Ag-alloy matrix with a SS lamination. We will discuss the
cuprate wires and cables and their present status in Chap. 6 on ‘Cuprate Practical
Superconductors’.

3.3.2 First Generation (1G)-BSCCO Current Leads

One most popular use of BSCCO superconductor had been in current leads employed
in superconducting magnets both bath-cooled and conduction-cooled. The BSCCO
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Fig. 3.13 Bulk and encased
current leads marketed by
M/S ‘Can Superconductors’
and used in author’s lab
(IUAC New Delhi)

current leads capable of transporting current in excess of 3000 A have been commer-
cially marketed for decades now. ‘Can Superconductors’ of Czech Republic, Amer-
ican Superconductors of USA and Bruker Energy & Supercon Technologies are
some of the suppliers of these current leads. Current leads are generally used to
transport current from 77 K thermal shield to magnet maintained at ~ 4 K with no
Joule heating. Moreover, the thermal conduction through the leads too is poor which
makes the magnet system energy efficient. Current carrying capacity almost doubles
if the higher temperature end is kept at around 64 K instead of 77 K. Typically, a
current lead with 7. = 1500 A between 77 and 4 K has a conductive heat leak of
0.6 W, whereas if used between 64 and 4 K the heat leak reduces to only 0.4 W.
Current leads can be bulk tube type or encased for protection (Fig. 3.13).

Copper studs or copper braids are provided for jointing/soldering purpose.
Figure 3.14 is a 100 A pair of BSCCO-2223 current leads developed [8] by the
NIIST, Thiruvananthapuram. The development of BSCCO current leads made it
possible to build cryo-free superconducting magnets, which found popularity in low
temperature laboratories in last three decades. The reduction in heat generation in
the current leads had been so significant that a closed-cycle refrigerator (CCR) with
a cooling capacity of 1.5 W can cool a medium size magnet to ~ 3 K in a reasonable
time of few hours. In Chap. 9, we will discuss the construction of a cryo-free magnet
with a special reference to a 6 T room temperature bore magnet built in author’s
laboratory using a 1.5 W CCR of Sumitomo make many years ago.
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Fig. 3.14 Pair of 100 A,
BSCCO-2223 current leads
developed by NIIST,
Thiruvananthapuram. Leads
with higher current rating
available [8]. Courtesy R. P.
Aloysius

3.4 The Tl-Ba-Ca-Cu-O System

The race to discover still higher 7. superconductors continued and yet one more
cuprate superconductor of the type T1-Ba-Ca-Cu-O with T, of greater than 90 K was
discovered by Sheng and Hermann [27] in 1988 itself. The zero resistivity in this
compound was obtained at 81 K. Soon a T;, of 120 K was reported by the same authors
[28] in a compound TI; gsCaBaCu307 5,,. This was the highest 7. cuprate without a
rare earth constituent. Since T1, 03, the ingredient of the compound has a low melting
point of 717 °C and starts decomposing at 100 °C, and the preparation method for this
compound is different. Sheng and Hermann have followed a ‘short high temperature
and quenching technique’. Appropriate amounts of BaCO3; and CuO were mixed,
ground and heated to 925 °C for > 24 h in air with several intermediate grindings.
Black compound like BaCu304 or Ba;Cu3Os is formed during this process. Right
amount of T1,03; was then added, pressed in to a pellet and kept in a tubular furnace
already heated to about 900 °C under flowing oxygen. The pellet was kept for 2-5
min and quenched in air to room temperature and used for studies.

Still higher 7. of 125 K was reported [29] in quick succession in the same
compound with stoichiometry TlCa,;Ba,CusO, (T1-2223) quite analogous to Bi-
2223 compound. The unit cell of this compound is bcc tetragonal containing three
Cu perovskite like units separated by bilayers of TlO. T, ranges between 118 and
125 K depending on the preparation parameters. Another compound with compo-
sition T1;Ba,Ca;Cu, 0O, (2212) is a bulk superconductor with 7 = 95-108 K. This
compound has two Cu perovskite units similar to Bi-2212 compound.

Figure 3.15 shows how T, increases with the number of CuO layers
from one to three. Tl compounds can be expressed with the general formula
Tl,Ba,Ca,,—1Cu,Oy,+4 and are tetragonal with two TI-O layers and n Cu-O layers.
T values are 80 K, 110 K and 125 K for three compounds with n = 1, 2 and 3,
respectively. T is found increasing with the increase of Cu-O layers only up to n =
3. T, decreases for n > 3. Tl being a toxic material, no attempts have been made to
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produce wires/tapes of this material either on a laboratory scale or on a commercial
scale for applications.

3.5 The Hg-Ba-Ca-Cu-O System

After alull of about 5 years, once again a new superconductor was discovered with 7
of 94 K by Putillin et al. [30] in a compound HgBa,CuQy,, or simply called Hg-1201
(as Ca is absent). This is very high T in contrast to the similar T1-1201 compound
which has a T;, of < 10 K. This compound has one Cu-O, sheet. Mercury compounds
can in general be described by a formula of the type HgBa,Ca,_;Cu,, 02,42+, Where
n can take different values starting from 1 onwards. Soon superconductivity was
discovered at 130 K by Schilling et al. [31] in a multiphase Hg-compound with n
= 1, 2 and 3. Soon the pure phase HgBa,Ca;Cu3Og,5 was synthesized with n = 3
and a 7. = 135 K was obtained. The unit cell structure of the three Hg-compounds
with n = 1, 2 and 3 are shown in Fig. 3.16. Evidently, c-axis increases with the
number of CuO,; layers. Analogous to Tl-system, Hg-system too has a tetragonal
structure with ‘a’ and ‘c’ parameters as given in the figure for the three phases. An
enhancement in 7, with pressure in copper containing superconductors with hole
conductivity is well known. Chu et al. [32] reported a T, of 153 K for the compound
HgBa,Ca;Cu;0g,5 (1223) at a pressure of 150 kbar. In a systematic study, Gao et al.
[33] found continuous increase in 7, of all the Hg-compound (1201, 1212 and 1223)
up to a pressure of 45 GPa, viz.; 164 K for 1223, 154 K for 1212 and 118 K for the
compound 1201. Antipov et al. [34] report that the T; values increase with increasing
pressure for all the Hg-compounds withn = 1, 2, 3 and 4 as shown in Fig. 3.17. In all
the compounds 7 increases with pressure and tends to saturate at high pressure. It
has been conjectured that it may be possible to get T, values as high as 164 K under
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Fig. 3.16 Unit cell structure of HgBa;CuO4ys (1201), HgBa;CajCuyOgys (1212) and
HgBayCayCu3Og.s (1223) with one, two and three CuO;, layers, respectively [34]. With permission
from IOP
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Fig. 3.17 T, increases with pressure for Hg-compounds and with the number of CuO; layers up to
n = 3. T decreases with pressure for compound Hg-1234 (n = 4). T is thus highest for Hg-1223
(n = 3) [34]. With permission from IOP
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ambient pressure in optimally doped compounds through substitution if the Cu-O
distances can stabilize.

Synthesis of Hg-compound is little complicated because of the toxicity of Hg
and decomposition of HgO in to Hg and oxygen at comparative low temperature
(430 °C). Samples are prepared in sealed quartz ampoules or in platinum or gold
containers to prevent reaction. The synthesis is a two-step process. In the first step,
stoichiometric mixture of barium carbonate (oxalate, nitrate or oxide), copper and
calcium oxides is prepared and annealed at 600—1000 °C in air, oxygen flow or
vacuum. The precursor so prepared is extremely hygroscopic and absorb CO, fast.
All the operations are therefore carried out in a dry box. HgO is then added to the
mixture and sealed in an ampoule for further annealing. 7, of these compounds has
been found extremely sensitive to the presence of carbon and steps should therefore
be taken to avoid carbon contents in the starting materials. An excellent topical
review on the structure and synthesis of Hg-compounds has been written by Antipov
et al. [34] on Hg-compounds. Hg-compound wires and tapes have not been exploited
commercially for applications.

3.6 Flux Vortices, Critical Current Density and Flux
Pinning in High-7, Superconductors

The irreversible magnetic properties and critical current in type II superconductors
especially in anisotropic HTS involve numerous complex mechanisms. A pure type
II superconductor is well defined with T, B.; and B., values which are the intrinsic
properties of the material but same is not true for critical current density, J. which
can change widely with defects which are influenced by the fabrication process.
Because of the high T, the J. of HTS is also affected by thermal activation which in
turn leads to flux creep and a power law /-V characteristic so that J; is determined
by an arbitrary electric field criterion. Further, J. controls the irreversible magnetic
properties of type II superconductors that are explained by the Bean critical state
model [35, 36] and already discussed in Chap. 2. J, thus is an extrinsic property of
a superconductor.

Let us recall that a type II superconductor, in mixed state, (B.; < B < B¢y) is
threaded by flux lines each carrying a flux quantum (® = 2 x 10~'5 T m?) or the
vortices which form a triangular lattice as proposed by Abrikosov [37] and shown in
Fig. 3.18. The vortices are produced by the circulating current flowing in a direction
opposite to the surface screening current. The vortex is a normal cylindrical core of
radius, £ and has a region of suppressed order parameter ({ or ng) which is zero at
the centre of the vortex. The magnetic flux at the core spreads out in the material
over a distance of ~ 2A as shown in the figure. Most interesting thing that one notices
from this figure is that current in type II superconductors is carried by the entire bulk
of the material unlike the type I superconductors in which the current flows only
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Fig. 3.18 a Type II superconductor in mixed state (B.| < B < B¢y) is threaded by flux lines(normal
cores) of dia. 2&, produced by current vortices flowing in a direction opposite to surface screening
current along the periphery. b Magnetic field at the core spreads over a distance 2. Order parameter
(¢ or ng) drops to zero at the centre of the cores. ¢ Variation of the magnetic flux density. With
permission from Elsevier, ‘Fundamentals of Superconductivity by C M Rey and A P Malozemoft’

through a small surface thickness (~ \). Further, J. in these materials is controlled
by defects which may act as flux pining centres and increase J. to high values.

Let us see how J in type II superconductors is controlled by defects and can be
enhanced by great margin. From Ampere’s law:

VxB=uyJ 3.4
Which for one dimension, reduces to:

dB/dx = poJ (3.5)
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Fig. 3.19 Pinning potential
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It turns out from this expression that a supercurrent can flow in a superconductor
if the field (flux line bundle) enters the bulk material and a gradient in flux line
density exists. In a defect-free superconductor, however, Abrikosov lattice is in an
equilibrium state. A gradient can only be created by introducing defects that will pin
the flux lines. The pinning centres are represented by potential wells (Fig. 3.19) of
average depth Uy and width a. Bundle of flux quanta with an average flux n®, are
captured by the potential well. When no current flows, the probability of flux leaving
the potential well is proportional to Boltzmann factor:

Py o< exp(—Uy/kpT) (3.6)

When a current of density J flows through the superconductor the potential
acquires a slope (Fig. 3.19) proportional to the driving Lorentz force F o< n®gJ.
The slope is equivalent to a reduction in the effective potential well depth to U = U,
— AU

Here AU ~ n ®gJa ¢ 3.7

where ¢ is the length of the flux bundle. The increased probability of the escape of
the flux P is now given by:

P = Pyexp(+AU/kgT) (3.8)

The flux line gradient grows steeper, following Ampere’s law, if the current density
is increased in the type II superconductor. This generates increasing Lorentz force
which at a certain maximum value overcomes the pinning force and starts pushing
the flux lines out of their defect potential wells. As already discussed in Chap. 2,
this current density is the critical current density J. at which the pinning force,
Fp becomes equal to the Lorentz force, F, (= B x J.). Thus, the pinning force
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in a defect superconductor can be determined from the measurement of J. at a
given field and at a given temperature. This flux pinning force, however, can be
increased by introducing pinning centres such as dislocations, voids, secondary phase
precipitations or elemental additions to the material. For illustration, we present some
flux pinning data from Selvamanickam’s group [38] on YBCO films as shown in
Fig. 3.20. The figure shows field dependence of flux pinning force, Fp (B//c) at4.2 K
for 7.5 and 15 mol.% Zr-doped YBCO films. The flux pining force increases to an
ultra-high value = 1.7 TN/M? for film doped with 15% Zr which is twice the value
obtained for the film doped with 7.5% Zr. Surprisingly, the pinning force (F'p) does
not show a drop with increasing field between 8 and 31 T ensuring high-current
density in doped films right up to 31 T.

High pinning performance in these doped films has been attributed to spontaneous
formation of the BaZrO3; (BZO) defect columns during film growth.

When current through a type II superconductor exceeds J. the flux lines or the
vortices start moving and there is a sharp jump in the voltage in the /-V plots.
This sharp jump in the voltage gets smeared if J. distribution within the supercon-
ductor is not homogeneous. The right kind of J. distribution can however cause
a power law dependence V ~ I" [39], where the power index n is a function of
inhomogeneity distribution in the material. Such a power law curve can also arise
from flux creep, which is particularly relevant to HTS materials. Very high J, values
have been achieved in all the practical superconductors including HTS like the 2G
YBCO-coated conductors [40] following innovative fabrication techniques and intro-
ducing efficient pinning centres. Naturally occurring pinning centres, like disloca-
tions, voids, stacking faults, crystal twin boundaries, chemical precipitates, and such
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Fig.3.20 Flux pinning force, Fp (B//c) at4.2 K plotted against magnetic field for 7.5 and 15 mol.%
Zr-doped YBCO films. Note ultra-high Fp = 1.7 TN/M? for film doped with 15% Zr. There is
hardly a drop of Fp between 8 and 31 T field ensuring high-current density in field up to 31 T.
With permission from V. Selvamanickam; Open access under CCA, A. Xu et al. App. Phys. Lett.,
MATERIALS 2, 046111 (2014), http://dx.doi.org/10.1063/1.4872060
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other defects, provide much of the pinning force. Pinning centres are also introduced
by creating particular type of defects in to the substrate which get replicated in to
the epitaxially grown films. Radiation-induced defects too can increase the number
of pinning centres and increase the magnitude of the pinning force, F'p as reported
by Weber [41].

3.7 Critical Surface of High-7, Superconductors

The mixed state of HT'S reveals the existence of a well-defined irreversibility temper-
ature (7j;;) up to which magnetic irreversibility persists. This temperature is a char-
acteristic feature of a superconductor and depends on the applied field. T, can be
determined [42] from zero-field cooled (ZFC) and field cooled (FC) magnetization
as a function of temperature plots as shown in Fig. 3.21. Magnetic irreversibility in
these materials originates from the movement of vortices overcoming the pinning
force. Below Ti, the vortices are trapped by the pinning centres.

Above T, the system is magnetically reversible due to high thermal energy. When
temperature is lowered below 7j;,, many of the grains become coupled and strong irre-
versibility effects are observed in the magnetization curve. An irreversible line can be
plotted from the reversibility data obtained on a superconductor sample as a function
of field (B) and temperature (T'). The critical surface of a HT'S thus looks like [43], the
one shown in Fig. 3.22. The irreversible line separates high-temperature magnetically
reversible region from low temperature magnetically irreversible region. In conven-
tional metal superconductors with low T¢, the critical surface is very close to the
upper critical field B¢, and the critical current density J., which is unaffected by flux
creep. In HTS, the critical surface is diminished and shifts downwards as indicated
by the arrows. The critical surface is now bound by the irreversibility line B;(T) and

Fig. 3.21 Typical zero-field
cooled (ZFC) and field
cooled (FC) magnetization
of a Yo gLug4BayCuzO7_s \
sample as a function of :
temperature [42]. With
permission from Armando
Sarmiento Santos, Escuela
de Fisica—UPTC; Open
Access under CCA, Journal
of Physics: Conference
Series 480, 012036 (2014), 194 ZFC i
http://dx.doi.org/10.1088/
1742-6596/480/1/012036
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the critical current density J.(7) which is now reduced by flux creep. Nevertheless,
the energy gap and the vortex current around the vortices persist within the bulk
of superconductor until B, is reached. Between B, and Bj; the vortices are in a
liquid-like state called a ‘vortex liquid’. Below By, the vortices are in a disordered
state if the pinning centres are disordered and the state is called a ‘vortex glass state’.

3.8 The Depairing Current

The critical current density of a superconductor as a function of temperature and
magnetic field is the most important parameter for building a superconducting device.
Large efforts have continuously been made to enhance the critical current in practical
superconductors largely through new fabrication techniques and by adding effective
pinning centres. There is however a theoretical thermodynamic limit beyond which
critical current density cannot be raised. We have learnt in Chap. 2 that a normal to
superconducting phase transition is of the second order (no latent heat involved) and
the free energy is reduced. Now consider the transport current in a superconductor.
Contrary to this decrease in energy during the normal to superconducting transition,
the kinetic energy of the electron pairs (Cooper pairs) increases as the transport
current increases. At a certain high enough current value, this increase in energy
may exceed the decrease in energy while entering the superconducting state. It would
then be favourable for a superconductor to get back to normal state. This current is
called the depairing current, Jy. This is the upper theoretical limit of the maximum
current density that can be achieved in a superconductor no matter how strong is the
flux pinning. We can thus define depairing current density as the current density at
which the kinetic energy of the electron pair is equal to the binding energy of the pair.
Beyond this current, the energy gap vanishes and superconductivity is completely
destroyed. The depairing current Jy thus becomes an intrinsic critical parameter
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together with T, J. and B, characterizing a superconductor. A rough estimation of
Jg can be made [44] from the London equations by equating the kinetic energy of
the pair with the free energy density;

1 *,.2 B<:2
—ngm*v? = (3.9
2 20
Substituting v, = ﬁ and ng = W:)"ﬁ
B,
Jg= (3.10)
Mol

The above equation is only an approximation because ng has been assumed here
to remain unaffected by the current approaching Jy which is not realistic. The equa-
tion however establishes the fact that Jy is strongly dependent on critical magnetic
field and the penetration depth. Similar expression has been derived for type II
superconductors following the Ginzberg—Landau theory yielding:

VB2 (0)

J4(0) = 5.56 x 1073
a(0) X X 7320)

(3.11)

where Jy is in A/m2, By, is in Tesla and A is in metres. The theoretical limit of Jg
can only be reached in samples with very high pinning force with J4 approaching
10'2-10"* A/m?.

For almost all applications, only three critical parameters, 7¢, J. and B, of a
superconductor are considered routinely and not the Jy. In fact, Jy4 is hardly measured
partly because of the technical difficulties related to excessive heating and burnt out
of samples at high currents. Also, at very high current, the critical temperature, 7
too shifts to lower temperature. Most measurements are therefore carried out using
short-pulse currents with short duration of about 50 ns to prevent burnt out of the
samples. For example, the depairing current density in YBa,Cu3O7_, is of the order
of 108 A/cm? (4.2 K), and therefore, ultra-thin films of YBa,Cu30;_, patterned to
microbridges have been used to allow for an effective heat transfer into the MgO
substrate. Arpaia et al. [45] measured Jy4 in YBCO nanowire with a protecting gold
capping layer. They measured multiple YBCO bridges with cross sections as small as
50 x 50 nm? and reported Jq = 1 x 10% A/cm? in bridges covered with Au capping.
The measured J; is found to be close to values predicted by Ginzburg—Landau theory.

3.9 Grain Boundary Problem in High-7; Superconductors

High-T. superconductors are not only characterized by high T, and high B., but also
by poor grain connectivity and strong anisotropy of superconducting properties along
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the a—b (CuO,) planes and along the c-axis. Lack of perfect stoichiometry especially
the oxygen content is another problem. Critical current density, J, depends strongly
on the method of preparation as well. For example, J; in bulk YBCO, prepared by
solid-state diffusion method, and remains confined to 10° A/cm? at 77 K. In melt
textured samples, where number of grain boundaries (GB) decrease, J. increases
and can reach a value of 10° A/cm? (77 K). It increases further to 10° to 107 A/cm?
in epitaxial films with preferred grain orientation. Chaudhuri et al. [16] did report
high J. in epitaxially grown YBCO films and Dinger et al. [17] reported similar high
J. values in YBCO single crystals. Inter-grain J., however, was found to be very
small which turned out to be a stumbling block in realizing high transport J.. in bulk
material and in wires and tapes prepared by powder-in-tube (PIT) method.

Large anisotropy in these ceramic superconductors is another difficulty which
needs resolution. Widely different coherence lengths in YBCO along the a—b plane,
& = 1-2 nm and along the c-axis, £&. = 0.3 nm lead to anisotropy in various
superconducting properties including J. which now depends on the crystallographic
orientation of the grains. Misorientation of grain reduces inter-grain J.gp) and larger
the misorientation angle greater is the reduction in Jp). In fact, several factors are
responsible for poor quality of grain boundaries (GB) which are dependent upon the
process followed for the synthesis of this ceramic superconductor. Two HTSs which
have been pursued for application are the BSCCO and YBCO superconductors. The
third one, Bi-2212 is also close to commercial production. For operation at 77 K in
magnetic field, BSCCO (2223) tapes are preferred because of its higher 7, = 110 K
and better flux pining properties. The popular approach to make YBCO tape wires is
the so-called coated conductor technique in which the superconductor is deposited
on a textured tape substrate with c-axis normal to the direction of current flow. These
2G REBCO-coated conductors now have very high J.. The polycrystalline films,
however, have severe problem of the inter-grain interfaces (GB). Misalignment of
the a and b axes of more than a few degrees causes week links similar to Josephson
junctions with critical current significantly lower than inside the bulk grain. The grain
boundary problem has been solved at least partially through a variety of techniques
to be described in Chap. 6.

3.10 Discovery of Superconductivity in Magnesium
Diboride (MgB>)

Over a thousand condensed matter physicists presented their work on the newly
discovered superconductor, Magnesium Diboride (MgB,) [46] on 12 March 2001 at
the American Physical Society meeting held in the Grand Ballroom of the Westin
Hotel in Seattle. The session lasted for more than 5 h. Most surprising part of the
discovery has been that MgB, was a known material since 1953 and yet it had to wait
for nearly 50 years to be known as a superconductor, with a 7, = 39 K. Studies on this
material proceeded at great speed and within a few years physics of this material was
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well understood. Soon, the material positioned itself as a practical superconductor
[47, 48] to be used at 20 K with superconducting parameters superior to Nb3Sn.
Long lengths of multifilamentary MgB, wires and tapes with increased J; and B,
are being manufactured now and used for magnets and other applications. MgB; has
several advantages over HTSs. It is inexpensive and wire fabrication does not need
costly silver. Its T, is 39 K and thus has an operational window of 20-30 K. Magnets
and other devices can thus be conduction cooled and operated using closed-cycle
refrigerators (CCR). Some other advantages can be summarized as below:

e A number of diborides are known [49] to be superconducting but with only within
a T, range of 0.62 K (NbB,) and 9.5 K (TaB,). Only MgB, has the highest 7; of
39 K.

e There are no grain boundaries weak links in MgB, restricting the critical current to
low values like in HT'Ss. Standard powder-in-tube (PIT) technique is employed to
manufacture long lengths of wires/tapes. This is in contrast to 2G-coated conduc-
tors which need very sophisticated thin film deposition techniques which makes
it very expensive.

e [t has much smaller anisotropy of upper critical field compared to HTS. gé? in
MgB, is just 1.1-1.7. ;

e Enhancement of transport critical current continues to be made. MRI scanners
using MgB, magnets (0.5 T) are already in the market. 3 T MRI scanner might
hit the market sooner than expected.

e MgB, has low density, 2.57 g/cc and is thus a potential candidate for space-

oriented superconducting applications.

3.10.1 Peculiar Properties of MgB;

Magnesium diboride, MgB,, a low cost material, known since 1953, was found
superconducting when cooled to 39 K by Nagamatsu [46] in 2001. The original
plots of magnetic susceptibility versus temperature under zero-field cooled (ZFC)
and field cooled (FC) conditions and the electrical resistivity versus temperature are
shown in Fig. 3.23a and b, respectively. Both the measurements confirm a sharp
superconducting transition at 39 K. MgB, though is considered to be a supercon-
ductor of conventional type, nevertheless, has peculiar properties. The material is
characterized by two widely differing energy gaps. The presence of two energy gaps
has been theoretically understood by assuming two species of electrons at the Fermi
surface in its electronic structure, namely the ‘sigma-bonding’ and the pi-bonding
electrons. Using the measured values of the two energy gaps 6.8 and 1.8 meV for
sigma and pi bands, respectively and employing BCS theory the sigma and pi bands
of electrons are found to have two coherence lengths, 13 and 51 nm, respectively.
The corresponding penetration depths are 47.8 and 33.6 nm. The Ginzberg—Landau
(G-L) parameter % turns out to be =3.68 for sigma-bonding and 0.66 for pi-bonding.
The first term is more than 1/+/2 and the second term less than 1/+/2. Thus, the
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Fig. 3.23 a Magnetic susceptibility versus temperature plots of MgB, under zero-field (ZFC) and
field cooled (FC) conditions. b The electrical resistivity versus temperature plot for MgB,. Both the
measurements show a sharp superconducting transition at 39 K [46]. With permission from Nature

Publishing Group

sigma-bonding superconductivity is of type II and the pi-bonding superconductivity
of the type I. MgB; has been termed by some as a superconductor of ‘one and a half’

(1.5) type [50].

3.10.2 Crystal and Electronic Structure and Energy Gaps

in MgB);

MgB,; is a metal with a layered hexagonal structure where the B atoms form a
graphite-like honeycombed layers and the magnesium atoms sit at the centre of the
hexagons in between the boron planes as shown in Fig. 3.24. The electronic states at
the Fermi level are mainly either o or m-bonding boron orbitals. The o-bonding states

Fig. 3.24 B atoms form a
graphite-like honeycombed
layers and the magnesium
atoms occupy the centre of
the hexagons in between the
boron planes (Taner Yildirin,
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are confined in the boron planes and couple very strongly to the in-plane vibration
of boron atoms. Based upon the strong-coupling formalism of superconductivity by
Eliashberg, Choi et al. [51] showed from the first principle that this strong-coupling
results in strong electron-pair formation of the o-bonding states with an energy gap
of 6.8 meV. This pairing is strong and confined to the boron planes and Fermi surface
partially. This strong pairing, in fact, is the principal contribution responsible for the
occurrence of superconductivity in MgB,. The w-bonding states, on the remaining
parts of the Fermi surface form much weaker pairs with an energy gap of 1.8 meV.
This pairing is enhanced by the coupling with o-bonding states. MgB, though has
high 7. nevertheless is similar to conventional metal superconductors. It remains
metallic all through unlike the cuprates which are insulators without doping. The
major difference with metal superconductors is that MgB, is characterized by two
energy gaps corresponding to two types of pairing.

Choi et al. [51] carried out calculations and obtained numerical values of the two
energy gaps and their effects on the measurable parameters. They were successful in
accounting for the high T, the anomalous specific heat versus temperature behaviour
and for the isotopic behaviour. The calculated energy gaps versus temperature plots
are shown in Fig. 3.25. As seen in the figure the energy gap corresponding to o-
bonding states is large, 6.8 MeV which drops with increasing temperature and faster
close to T, than the smaller energy gap (1.8 MeV) corresponding to the w-bonding
states. Both the energy gaps, however, merge and disappear at 7. The experimental
energy gap parameters fit well with the calculated values. The temperature variation
of the energy gaps can be expressed by the following equation:

T p1/2
A(T) = A(O)|:l — <7> :| (3.12)

c

here p = 2.9 for the larger energy gap corresponding to the o-bonding states and
p = 1.8 for the smaller energy gap corresponding to the m-bonding states. This
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temperature variation of the energy gaps has been verified experimentally through
tunnelling, optical and specific heat measurements. Parameter 2A(0)/kg ;. for the o-
bonding comes out to be =4.0 and for the wt-bonding 1.06, kg being the Boltzmann
constant. Two-gap superconductivity was also inferred from measurements using
Raman spectroscopy, photoemission, penetration depth and tunnelling. That MgB,
is a BCS type conventional superconductor, with an intermediate to strong s-wave
coupling, has been borne out by a plethora of experimental data. The existence of
Cooper pairs with charge 2e has been confirmed through AC and DC Josephson
effect [52] studied on break junctions of MgB,. Observation of isotope effect in this
material, to be discussed in the next section, further confirmed the role of phonons in
the formation of the Cooper pairs and the occurrence of superconductivity. Because
of comparative ease, studies on MgB, have been fast and very passionate. Studies
were carried out on almost all aspects of this material and a very large number
of papers published. Two widely different energy gaps arise from a weak electron—
phonon coupling in the 3D w-bands (smaller gap) and a strong coupling in 2D o-band
(larger gap). In MgB,, the two sets of electrons do interact, though weakly, through
Coulomb repulsion and scattering from states in one band to states in the other band.
That, such a weak interaction can cause both the bands go superconducting at the
same temperature with two widely different energy gaps, is the striking property of
this superconductor.

3.10.3 The Boron Isotope Effect

One single most credible evidence of BCS type superconductivity is the observa-
tion of isotope effect which confirms the phonon mediated Cooper pair formation
mechanism. As per the classical form of the BCS theory [53], the isotope coefficient
« in the formula 7, o« M~* is 0.5. Here M is the atomic mass of the element. The
Boron isotope effect was reported by Budko et al. [54] as early as 2001. Careful resis-
tivity and magnetization experiments were performed on two types of bulk samples,
viz.: Mg'°B, and Mg!'B, by exposing isotopic pure '°B and ''B to magnesium
vapours. Figure 3.26 is the plot of resistivity of MgB, against temperature [55]. It
shows a resistive superconducting transition close to 40 K. The upper insert shows
the effect of replacing '°B by !'B in MgB, on the resistive T, and the lower inset on
magnetization 7. In both the experiments, 7, is found to reduce by 1 K, that is, from
40.2 K for Mg'’B, to 39.2 K for Mg!'B,. The value of exponent a for boron isotope
in MgB,, comes out to be =0.26 £ 0.03. This value is quite close to the values
found in YNi;B,C and LuNi,;B,C borocarbides. No isotope effect was observed
when 2*Mg was substituted for 2Mg. It thus appears that only boron phonons take
part in pair formation. There are indications that high-frequency boron Alg optical
modes are responsible for the onset of superconductivity in MgB,.

For a BCS superconductor, a 7. = 39 K is considered high. Looking at the BCS
expression for T, one finds that 7, depends upon the phonon energy, hw, the electron
density of states N(0) and the electron—phonon interaction parameter V. The phonon
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Fig. 3.26 Resistive superconducting transition in MgB, at 40.2 K. Upper inset: Effect of replacing
108, by "B, on the resistive T, in MgB;. The resistivity has been normalized to 300 K Lower
inset: Effect of replacing °B, by !B, in MgB, on T, through magnetization experiments. The
data have been normalized to —1 at 5K. The transition temperature, 7. of MgB; is reduced by 1
K when !B, is replaced by '!B; as confirmed by both the types of experiments [55]. Reproduced
from ‘Physics Today, 56, 34 (2003), with the permission of the American Institute of Physics’

energies of MgB, are indeed high

kT, = 1.14hw exp|:— ] (3.13)

NO)V

but so are the energies of other borides and light element binary alloys but all have low
T.. The density of states is low because MgB, does not have d-electrons. The only
other parameter left, which may lead to high T¢, is the strong electron—phonon interac-
tion represented by ‘v’. Perhaps, the selective coupling between the specified electron
states and specified phonons is responsible for high-T, (~ 40 K) superconductivity.

3.10.4 Some Physical Properties of MgB>

We briefly describe some physical properties and interesting studies that have been
carried out on this material. The Hall effect measurements by Elstev et al. [56] on
MgB, single crystal reveal that it has two types of charge carriers, holes in the plane
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Fig. 3.27 Plots of AC susceptibility of bulk MgB, against temperature at different pressure up to
1.84 GPa. T shifts to lower temperature with increasing pressure [57]. With permission from the
American Physical Society. http://journals.aps.org/prb/abstract/10.1103/PhysRevB.64.012507

and electrons along the c-axis. There is anisotropy in electrical resistivity along the
plane and in the perpendicular direction such that p./p,, = 3.5. Normal state Hall
coefficient is positive in plane (B//c, I//ab) and negative in the out-of-plane (B//ab,
I//c) confirming that the electronic structure of MgB, is multiband.

Pressure is another important parameter which has been exploited to study this
material. Lorenz et al. [57] have made detailed studies on ac susceptibility and
Seebeck coefficient with increasing pressure up to 1.84 GPa. T always decreases
with increasing pressure and is linear with pressure. As shown in Fig. 3.27, T; drops
down with the increase of pressure till the highest pressure of 1.84 GPa. This drop in
T, is rather fast at a rate of — 1.6 K/GPa and is close to the theoretically calculated
value of — 1.4 K/GPa.

The Seebeck coefficient has been found to be positive and relatively small. It
decreases with the decrease of temperature similar to in a metal with hole-type
carriers. Substitution at Mg as well as B sites with a host of elements always resulted
in the decrease of 7.. Some of the materials tried are C, Al, Li, Si, Be, Cu, Mn, Nb,
Ti, Fe, Co, Ni and Zn. Decrease in T is severe in case of substitution with Mn, Co
and C and slow with Si and Li. Least decrease in 7, occurs with Zn substitution. The
coherence length values, as calculated from B,,, range between 6.1 and 6.5 nm in
ab plane and between 2.5 and 3.7 nm along the c-axis. The most accurate data for a
single crystal gives &,,(0) = 6.1-6.5 nm and £.(0) = 2.5-3.7 nm. The penetration
depth as evaluated from B, values range between 85 and 203 nm. The lower critical
magnetic field (B.|) as reported by several investigators range from 25 to 48 mT.
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Upper critical magnetic field B., has been reported for material in different forms
like bulk, single crystal and thin films and in different orientations over a wide range
of values ranging from 2.5 to 32 T. The highest value of B.,, 32 T has been reported
for films with 7, = 39 K. Higher B.; = 40 T has been reported by Patnaik et al.
[58] for films with lower T;. B, drops almost linearly with increasing temperature
saturating at low temperature. The B, anisotropy ratio =B%/BS, = 1.1—1.7 is
reported for textured bulk and partially oriented crystallites. Higher ratio = 1.8—
2.0 has been reported [58] for c-axis oriented MgB, film. The irreversible field
extrapolated to 0 K, range from 6 to 12 T for MgB, in bulk, thin film, powder, tape
and wire. B, thus is =0.5 B, in MgB, instead of =0.8 B, for conventional low
temperature superconductors. Impurity additions are known to increase B, in type
II superconductors as the mean free path is reduced and so does the coherence length
£(0). Braccini et al. [59] do report significant enhancement of B, in C-alloyed MgB,
films irradiated with He-ions. The disorder thus introduced, raises in-plane B, to
51 T (4.2 K) and along the c-axis to 35 T (4.2 K). These are very promising values
and show the potentiality of use of this material with high J; in high magnetic field.
Extrapolation of data to 7 = 0 K shows that B might lead to paramagnetic limit of
70 T. Various properties of MgB, that we have discussed in the preceding sections
are summarized below and also tabulated in Table 3.4.

Table 3.4 Important superconducting parameters of MgB»

Parameter Unit Value

Crystal structure Hexagonal AIB2-type

Unit cell parameter A a=3.14326 £ 0.0315
¢ =3.51936 + 0.0323

Isotope coefficient for Boron, ap in (Te o M™%) a =0.266 £ 0.03

Transition temperature, 7, K 39

Penetration depth, A nm 85-203

Coherence length, &4, nm 6.1-6.5

Coherence length, & nm 2.5-3.7

Coherence length, &, single crystal nm 6.1-6.5

Coherence length, £.(0) single crystal nm 2.5-3.7

Lower critical field, H| mT 25-48

Highest upper critical field (film) T 32-40

ZCZ) anisotropy (textured bulk/partially oriented crystallites) 1.1-1.7

Irreversible field, Hi (0 K) T 6-12

Energy gap (o band) meV 6.8

Energy gap (m-band) meV 1.8

Room temperature resistivity pnem |10

Resistivity close to 7t nem | 0.5

Estimated paramagnetic limited field, Bé"z’ T 70
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3.10.5 Summery of the Various Properties of MgB,

e Transition temperature 7, always decreases with elemental substitution at Mg and
B sites and is more severe in case of substitution with Mn, Co and C but moderate
with Si and Li. Least decrease in T, occurs with Zn substitution.

® Most reliable coherence length values in a single crystal come out to be & ,,(0) =
6.1-6.5 nm and &£.(0) = 2.5-3.7 nm.

e The penetration depth as evaluated from B, values range between 85 and 203 nm.

e The lower critical magnetic field B, as reported by different groups range from
25 to 48 mT.

e Upper critical magnetic field B, has been reported for MgB, in its different forms
like bulk, single crystal and thin films and in different crystal orientations in the
range of 2.5—40 T. The highest value of B, = 40 T has been reported by Patnaik
et al. [58] for films with lower T.

® B, drops almost linearly with increasing temperature and saturating at low
temperature.

B3

C
c2

e The B, anisotropy ratio,
crystallites.

= 1.1—1.7 is for textured bulk and partially oriented

e Higher ratio
film.

® By, the irreversible magnetic field extrapolated to 0 K, range from 6 to 12 T for
MgB; in bulk, thin film, powder, tape and wire. B, thus is =0.5 B, in MgB,
instead of =0.8 B, for conventional low 7, superconductors.

® B, of type II superconductors is known to increase with the increase of normal
state resistivity as the mean free path is reduced and so does the coherence length
£(0).

e Braccini et al. [59] report significant enhancement of B, in C-alloyed MgB, films
irradiated with He-ions. The disorder thus introduced, raises in-plane B, to 51 T
(4.2 K) and B.; along the c-axis to 35 T (4.2 K).

R 'g‘cf = 1.8—2.0 has been reported [58] for c-axis-oriented MgB,

The critical parameters of MgB, are very impressive and have already been
exploited commercially and are being used for a variety of conduction-cooled
magnets. Conduction-cooled MgB, magnet-based MRI scanners are expected to
flood the market in very near future. We will devote a full chapter (no. 7) on the fabri-
cation techniques of MgB, wires and cables planned to be used in superconducting
magnet projects. Table 3.4 summarizes the important superconducting parameters
of MgB,.
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3.11 The Discovery of Iron-Based
Superconductors—LaFeAsO 1111 Compounds

One more surprise came from the Japanese group, Kamihara et al. [60] headed by
Hideo Hosano when they reported a high T, of 26 K in iron-based oxypnictides,
of the type La(O,_,F,)FeAs layered superconductor containing magnetic materials
like Fe, Co and Ni. Iron was earlier believed to be an enemy to superconductivity.
Here, the contradiction was between the static spin ordering in iron and the dynamic
formation of Cooper pairs (electrons with opposite spins) in a superconductor. In
La(O,_,F,)FeAs, x varies from 5 to 12%. The crystal structure of this supercon-
ductor [61] is shown in Fig. 3.28. The conduction layers Fe,As, are sandwiched
between the insulating La, O, layers. It has a tetragonal structure of the type (ZrCu-
SiAs) with p4/nmm space group. The room temperature lattice parameters of the
undoped samples are a = 0.403552(8) nm and ¢ = 0.87263(3) nm. The lattice
constants decrease with F-doping. Thus, for example, the lattice parameters for 5%
F-doping are: a = 0.40320(1) nm and ¢ = 0.87263(3) nm. The electrical resistivity of
La(O,_,F,)FeAs is plotted against temperature up to 40 K as shown in Fig. 3.29. The
undoped sample does not show superconductivity down to the lowest temperature.
Highest value of T, (= 26 K) is obtained for 11 at% F-doped sample. Higher doping
leads to adrop in 7. Superconductivity was not observed when doping was done with
Ca®* instead of with F. This gives a strong signal that superconductivity is induced
by electron (F~)-doping and not by hole (Ca®*)-doping. The material LaOFeAs was
prepared following the solid-state method. Powders of dehydrated La, O3, lanthanum
arsenide and iron arsenide were thoroughly mixed and sealed in a silica tube filled
with Ar-gas. The tube was heated to 1250 °C for 40 h. Right quantities of CaO and

Fig. 3.28 Crystal structure
of LaFeAsO, 1111
compound. The FepAsy
conduction layers are
sandwiched between the
insulating La, O, layers. The
structure is of the type
(ZrCuSiAs) electron carriers
generated by F~ doping at
the oxygen site are
transferred to FeAs
conduction layer [61].
Reproduced with the
permission from Springer
Nature

LaO
layer

FeAs
layer
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Fig. 3.29 Electrical resistivity plotted against temperature for La(O_,F,)FeAs for 0, 4, 5 and
11%) of F-doping [60]. With permission from American Chemical Society

1:1 mixture of LaF3 and La were added to the starting material for doping with Ca*
and F~, respectively. This was followed again by the same heating schedule.

3.11.1 High T, (> 50 K) in Sm and Nd-Based Oxypnictides

Significantly, high values of 7, have been reported for these oxypnictides by replacing
La by different rare earths. For Ce-compound the T rises to above 40 K and above
50 K for Nd, Pr, Sm and Gd. Jaroszynski et al. [62] reported 7¢ higher than 50 K
for their Sm and Nd-based materials. They carried out high-field studies on three
REFeAsO 1111 materials with RE as La, Sm and Nd. Superconductivity was induced
either by doping F at O-sites or creating O-vacancies by synthesizing O-deficient
materials. Three compounds studied, viz.; LaFeAsOg goFo 11, SmFeAsOq gsFo 15 and
NdFeAsOg.94F0 06 yield T, = 28 K, 53.5 K and 50.5 K, respectively. These values have
been tabulated in Table 3.5. It is to be mentioned that these materials were synthesized
at high pressure and high temperature following the solid-state reaction route. Pre-
sintered powders of LaAs. SmAs and NdAs were mixed together with powders of Fe,
Fe, 03 and FeF; in right stoichiometric proportions ground and pressed in to pellet
form. The pellets were sealed in boron nitride (BN) tubes and heated at 1250 °C under
6 GPa pressure for 2 h. Interestingly, the highest values of 7. obtained for optimal
doping show that the optimal level is different for different doping materials, viz.;
11%, 15% and 6% for La, Sm and Nd, respectively. A detailed review article by
Aswathi et al. on oxypnictides had appeared in the literature [63].
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Table 3.5 Superconducting parameters of REFeAsO 1111 oxypnictides with RE as La, Sm and
Nd [62]

Parameter Unit LaFeAsOq g9Fo.11 SmFeAsOy g5F.15 NdFeAsOg.94F.06
Transition K 28 53.5 50.5

temperature, T

Optimum doping | % 11 15 6

of F

Upper critical T 36 150 204

field, Bc»

The upper critical field B., of La FeAsO;_,F, 1111 compounds turns out to
be high. The B., values as evaluated from resistive (p—B plots) using Werthamer—
Helfend—Hohenberg (WHH) formula,

B = —0.693 T [dBy/ Ty, (3.14)

and extrapolated to 0 K for La, Sm, Nd, Pr and Ce 1111 compounds are [62] 36
T, 150 T, 204 T, 72 T and 43 T, respectively (Table 3.6). B, has been found to
decrease with increasing F~ doping even though 7. shows an opposite trend. For
CeFeAsOggFy., the B, is 43 T and T¢ is 42.5 K and for CeFeAsOyoF) the B,
value is 94 T and 7, is 38.4 K. Similar variation of B, is reported for LaFeAsO, _,F,.
For LaFeAsOy95F o5, the B, is 63-65 T, and for LaFeAsOggoFo 11, it is 36 T. Sm
1111 compound also show similar behaviour. Like the T; of this compound, B, of
the 1111 compounds also increases if the compound is prepared by high-pressure
route. B, up to 230 T and 7 of 51 K have been reported [63] in NdFeAsOy g2 Fo 13-
The field anisotropy Bcoan/Bcac is about five, much smaller than in YBCO compound.
The values of irreversible field, B, are also correspondingly high as compared to
MgB,. Tables 3.5 and 3.6 indicate beyond doubt that these materials can have high
T, and B, once the process parameters are optimized.

In spite of high B, and high T, these compounds suffer from the problem of gran-
ularity similar to cuprates. Thus, the inter-grain critical current Jeg, is far smaller

parameters of REReASO 1111 CRypnitide L® B2 0K

oxypnictides with RE as La, LaFeAsOg g9Fo.11 28 36

Sm, Nd, Pr and Ce [66] SmFeAsOy g5Fo 15 53.5 150
NdFeAsOg.94F0.06 50.5 204
PrFeAsOo,94F0A06 72
CeFeAsOg gFo2 42.5 43
CeFeAsOg 9Fy 38.4 94
NdFCASOQAngO'lg [63] 51 230
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than the intragrain critical current J.,. Through magneto-optical measurements (low
temperature laser scanning electron microscopy) on Sm 1111 compounds, Kametani
et al. [64] have shown that the transport current though is high within the grains but
is low at the grain boundaries in very low field. Great advancements have been made
in recent times to develop IBSC conductors and in good lengths and with high J..
This is a significant step towards the exploitation of these materials on a commercial
scale. These developments will be discussed in Chap. 8 on ‘Iron-Based Practical
Superconductors’.

3.11.2 Superconductivity in K-Doped BaFe;As) 122
Compounds

A new member of the Fe-As superconductor family was discovered in 2008 raising
the T, to all time high 55 K in SmFeAsO;_, system. This was achieved by F~
doping or creating oxygen deficiency (electron-doping) in the Fe;As, conducting
layer which suppresses the structure phase transition (at 135-140 K) and induces
superconductivity. Hole doping too has been reported to induce superconductivity
in the (La;_,Sr,)FeAsO system but the 7, was limited to 25 K.

Rotter et al. [65] discovered superconductivity first time in an oxygen-free
pnictide.

A T, of 38 K has been reported in a compound, (Bag Ko 4)Fe,As, prepared by
partially replacing Ba with K. The parent compound BaFe;As; has a tetragonal
ThCr,Si; type crystal structure with I4/mmm space group and consisting of (FeAs)™
layers separated by Ba>* ions as shown in Fig. 3.30. BaFe,As, is a poor metal with
Pauli paramagnetism. It shows a spin density wave (SDW) anomaly at 140 K similar
to the anomaly in LaFeAsO compound at 150 K. The anomaly is accompanied with
a structural and magnetic phase transition and anomalous specific heat, resistivity
and susceptibility. Hole doping in (FeAs)~ layers by partial substitution of K* on the
Ba?* sites suppresses this SDW anomaly and induces superconductivity. This SDW
anomaly seems to be a pre-requisite for superconductivity. The structural phase
transition can be suppressed by electron-doping or hole-doping in the Fe-As layer
which leads to the appearance of superconductivity. Through this substitution, Rotter
et al. [65] have found superconductivity in (Bag Ko 4)FeyAs, at 38 K. The resistive
superconducting transition is shown in Fig. 3.31. Thus, a new category of oxygen-free
Fe-As compounds was added to the list of Fe-As-based superconductors.

3.11.3 Superconductivity in Iron-Chalcogenides

After the discovery of superconductivity in Fe-oxypnictides of the type LaFeAsO,
these compounds became the most studied materials with an object of getting higher
T.. Report of T, as high as 55 K in oxygen deficient SmFeAsOqgs [62] inspired
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Fig. 3.30 Crystal structure of BaFe;Asy 122 compound (of the type ThCr,Siz) with space group

I4/mmm [65]. With permission from APS. http://journals.aps.org/prb/abstract/10.1103/PhysRevB.
82.180520

researchers to continue to look for Fe-based superconductors with still higher T-..
Superconductivity was indeed reported in a new material, Fe-Se or referred to as (11)
iron-chalcogenide at 8 K by Hsu et al. [66]. This compound has a simple structure
of Fe-Se layers without intercalating cations, something quite different from the
oxypnictides. Static magnetic ordering too does not occur up to a pressure of 38 GPa.
Tellurium doping (FeSeq 4> Te sg) raises the T;. to 15 and 37 K at high pressure. Guo
et al. [67] reported superconductivity in a compound of the composition Ky gFe,Se,
at 30 K at ambient pressure. The compound was synthesized through intercalation
of Fe-Se by K. Figure 3.32 shows the crystal structure of this compound. Single
crystal grown by flux method shows a tetragonal structure with a = 3.9136(1) A and
¢ = 14.0367(7) A and space group I4/mmm. Obviously, the intercalation increases
the c-axis parameter significantly. The carrier density as evaluated from Hall effect
measurement turns out to be 1.76 x 10?!/cm?. The Hall coefficient Ry is negative
and constant above 105 K. The electrical conduction is thus electron dominated.
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Fig. 3.31 Resistive
superconducting transition in
(Bag 6Ko.4)Fey As; [65].
With permission from APS.
http://journals.aps.org/prb/
abstract/10.1103/PhysRevB.
82.180520

Fig. 3.32 Crystal structure
of KFe;Se» of the type
(ThCr3Si) a = 3.9136(1) A
and ¢ = 14.0367 A [67].
With permission from APS.
http://journals.aps.org/prb/
abstract/10.1103/PhysRevB.
82.180520
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Fig. 3.33 50
Resistance—temperature
behaviour of K gFesSes,
below 150 K.
Superconducting transition
occurs at 30 K [67]. With
permission from APS. http://
journals.aps.org/prb/abstract/
10.1103/PhysRevB.82.
180520
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The compound has a semiconductor behaviour in electrical resistivity between room
temperature and 105 K below which it turns metallic and finally superconducting (at
30 K). The resistive transition of the Ko gFe,Se, compound is shown in Fig. 3.33.
The lower critical magnetic field B, and upper critical magnetic field B, have been
calculated to be 0.2 T and 9 T, respectively.

The superiority of IBSCs over HT cuprates in many respects made them very
attractive materials for research as well as for exploiting them for practical applica-
tions especially the high-field magnets. The deluge of papers that appeared within
the first year of the discovery by Hosono is the testimony to the potential of these
superconductors. The structural phase transition in these IBSC is very interesting.
The interplay between the superconductivity and antiferromagnetic ordering (SDW)
is quite fascinating. At the same time, the J. = 10° A/em? (4.2 K, 10 T) in these
materials has already crossed the threshold of practical conductors. We will therefore
discuss these IBSCs again in a separate Chap. 8 in greater detail.

3.12 Superconductivity at 203 K in Sulphur Hydride (H3S)

After attaining a 7. well above 100 K in cuprates the next target for discovery
became the room temperature superconductor. Luckily, the Eliashberg formula-
tion of the BCS theory does not envisage an upper limit to 7. in a supercon-
ductor. A high-T, BCS superconductor needs (i) high phonon frequency, (ii) very
strong electron—phonon interaction and (iii) high density of states per spin per atom.
Ashcroft [68] focused on hydrogen the lightest atom which has very high vibrational
frequency and provides strong electron—phonon interaction. Mcmahon et al. [69]
made calculations and predicted that metallic hydrogen should show superconduc-
tivity at 100-140 K in molecular phase and 300-350 K in atomic phase at a pressure
of 500 GPa. Even though no superconductivity has been detected in hydrogen yet,
several hydrogen-rich covalent hydrides like SiH4, SnHy and H,S were chosen for
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studies. Hydrogen has high Debye temperature and thus high Debye frequency (6p
= hwp/kp). Combining hydrogen with the heavier elements may also help to induce
superconductivity as they contribute to low frequency known to enhance electron—
phonon interaction. Besides, very high pressures needed to metallize pure hydrogen
are no longer needed. Drozdov et al. [70] investigated H, S which showed metallicity
at ~ 96 GPa which improves further with increasing pressure. At 200 GPa, it has a
resistivity of 3 x 1077 Q. They also observed that H,S gets dissociated in to H3S and
elemental S, a favourable situation indeed. Superconductivity was confirmed with
the observation of Meissner effect. Magnetic susceptibility measurements show a
sharp transition from the diamagnetic to paramagnetic state for zero-field-cooled
(ZFC) sample at T... Drozdov et al. [71] reported a record onset 7. of 203 K. Magne-
tization measurements reveal a pronounced hysteresis which indicated that it is a
type II superconductor. The lower critical field B, is found to be < 30 mT. The
T, of sulphur hydride rises sharply as the pressure exceeds 150 GPa as shown in
Fig. 3.34a. The T, of the sulphur deutride stays lower than the 7, of the hydride at
all pressures as expected in a BCS superconductor. Figure 3.34b shows the resistive
superconducting transition at 185 K and 90 K, respectively, for the sulphur hydride
and sulphur deutride. Highest T:. reported by Drozdov et al. for the sulphur hydride is
203 K [71]. Figure 3.34c shows the temperature dependence of the magnetization of
sulphur hydride at 155 GPa in zero-field cooled (ZFC) and 20 Oe field cooled (FC)
modes. The magnetization measurements clearly show an onset of superconductivity
at 203 K. Optical micrograph of the sulphur hydride at 155 GPa is shown in the inset.
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Fig.3.34 aDependence of 7; of sulphur hydride (different runs) and sulphur deutride (open circles)
with pressure. Note the sharp rise of 7, at p > 150 GPa. T of sulphur deutride in the entire pressure
range is lower than the 7¢ of sulphur hydride. The bottom plot (small circles) is for pure sulphur.
b Superconducting transition at 150 K (@ 155 GPa) in sulphur deutride and at 195 K (@ 141 GPa) in
sulphur hydride. ¢ The temperature dependence of the magnetization of sulphur hydride at 155 GPa
in zero-field cooled (ZFC) and 20 Oe field cooled (FC) modes. The T¢ onset is 203 K. Optical
micrograph of the sulphur hydride at 155 GPa is also shown in the inset under cooled conditions
[71]. With permission from Springer Nature
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The synchrotron X-ray diffraction measurements by Einaga et al. [72] confirmed
the presence of hydrogen-rich hydride, H3S phase which is responsible for the emer-
gence of superconductivity. It turned out that H,S (D,S) dissociates in to H3S (D3S)
and elemental sulphur under high pressure 3H,S — 2H3S + S. The authors report
that the compound in normal state as well as in superconducting state has the same
structure as revealed from the XRD data obtained at room temperature and at low
temperatures. Two superconducting phases with bcc structures have been identified.
One with a crystal structure which correspond to R3m symmetry as shown [73] in
Fig. 3.35a and b. This phase has a 7, of 120 K and is called the low T, phase. Second
phase appears when pressure increases to 150 GPa. This phase, called the high-T¢
phase, has a structure with Im-3M symmetry (Fig. 3.35c) and is responsible for the

Fig. 3.35 Structures of the low 7, phase with R3m symmetry and 7, = 120 K (a) top view—Ilarge
spheres are sulphur atoms and small spheres hydrogen (b) side view; one can see that d1 # d», d;
(i = 1.2) are the distances between the H ion and neighbouring S ions. ¢ Structure of the Im-3m
high-7; (200 K) phases [73]. With permission from Am. Phys. Soc.
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record T, =~ 203 K. Even though the transition temperature increases with pres-
sure, yet the structure does not change within a pressure range of 92—173 GPa. This
appears contradictory to the sharp jump observed at 150 GPa in H3S and 160 GPa
in D3S (Fig. 3.34 ¢). It is seen from this figure that the pressure dependence of T
is different in the R3m phase at lower pressures and in the Im-3m phase at higher
pressures. X-ray diffraction data are however found to be the same in the two phases
and differ only in ordering of hydrogen atoms in the two pressure domains. It has
been conclusively proven that the highest critical temperature of 203 K corresponds
to the Im-3m phase of H3S. The pressure dependence of 7, however, reverses after
the T; max has been reached. The 7. decreases upon further increase in pressure. This
decline is however slow indicating that the pressure dependence of T is strongly
asymmetric with respect to T, max, Which is somewhat unusual.

It will be of interest to look for other hydrides which may turn superconducting at
still high temperature and possibly at room temperature. Indeed, many groups have
carried out theoretical calculation and have predicted superconductivity with high
T, in several hydrides. Peng et al. [74] and Wang et al. [75] made many interesting
predictions based on their theoretical calculations. Thus, for example, Wang et al.
predicted superconductivity in calcium hydride, CaHg at 240 K, Li et al. [76] in
YHg at 264 K. Feng et al. [77] also predicted superconductivity in MgHg at 264 K
at a pressure of > 300 GPa. There are others who have predicted room temperature
superconductivity but the moot question is that can we realize superconductivity
which would be stable at ambient pressures which is a requirement of a practical
superconductor.

3.13 Superconductivity at Room Temperature (7, = 288 K
@ 267 GPa)

The group led by Mikhail Eremets at the MPI for Chemistry, Mainz, Germany
reported [78] still higher 7. of 250 K in LaHy within the Fm3m structure at a
pressure of 170 GPa. Superconductivity was confirmed through the observation of
zero-resistance, isotope effect, and the dependence of 7. on external magnetic field.
These magnetic field measurements yielded a value of the upper critical magnetic
field B, (0 K) as ~ 120 T. This 50 K jump in 7, in hydrides gave strong indications
that room temperature superconductivity is achievable using high pressure technique.

The record of 7T, = 250 K in LaH( too was broken in the following year (2020)
by a team led by Ranga Dias of university of Rochester, USA [79] when the team
reported an all-time high 7, of ~ 288 K in a compound containing C, H and S at a
pressure of 267 GPa. Dias technique had merit in so far as the LaH;y was formed
at high temperature by Drozdov et al. [78] but Dias used a milliwatt green laser
into the diamond anvil cell (DAC) containing C-H-S mixture for several hours at
4GPa pressures before raising the pressure further. Their DAC also contained probes
that recorded electrical resistance dropping to zero and confirmed superconductivity
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through magnetic measurements. The Dias’s team added a third component C to the
sulphur hydride system in the hope to observe more structures and more chances
to find higher 7;..They succeeded and discovered superconductivity almost at room
temperature (RT), that is, 288 K (15 °C). The composition of the compound could
not be ascertained but is believed to be in the range of CSHg to CSHs.

A resistive sharp superconducting transition is observed in the C-H-S compound
as shown in Fig. 3.36a. The T, increases with increasing pressure and the highest 7, =
288 K is obtained at a pressure of ~ 267 GPa. Fig.3.36b shows the microphotographs
of the sample during the photochemical process. The electrical leads in a four-probe
configuration for resistance measurements can also be seen in the microphotograph.
As seen from Fig. 3.36¢ T, rises gradually with increasing pressure from 140 GPa
up to a pressure of 220 GPa when a 7. = 194 K is reached. As the pressures is
increased further 7, rises rather sharply until a highest value of 288 K is attained
at a pressure of 267 GPa. The T, of the samples was determined from the electrical
resistance (R) and a.c. susceptibility (x) measurements. A discontinuity appears at
around 225 GPa between the two pressure regimes at which the rise of T, with
pressure becomes sharper. This method of pressure induced metallization followed
by superconductivity thus appears to be a promising route to room temperature
superconductivity. The next challenge will be to find an alternate route perhaps a
chemical route to mimic such high pressure during the synthesis of material and yet
realize room temperature superconductivity at ambient pressure.

2 s |
175} ks * Run2(p) o
- Rundis |
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Fig.3.36 aResistive superconducting transition in C-H-S compound at different pressures. Highest
T. is obtained at ~ 288 K at a pressure of ~ 267 GPa. The vertical (R) axis on right is for two samples
measured in a separate experimental run (shown by arrow). b Microphotographs of the samples
during photochemical process in the C—S—H compound. Electrical leads in a four-probe config-
uration for resistance measurements are also shown. ¢ Pressure dependence of T, as determined
from the electrical resistance (R) and a.c. susceptibility (x) measurements. Highest 7. = 288 K is
observed for a pressure of 267 GPa (With permission from Springer Nature)
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Chapter 4 ®)
A Review of Theories oo
of Superconductivity

Abstract The first ever phenomenological theory of superconductivity was
propounded by London brothers (Fritz and Heinz) by correlating the current in
a superconductor with a vector potential and using Maxwell equations. Theory
explained well the vanishing of resistivity and the occurrence of Meissner effect
in metallic superconductors. An expression for Londons’ penetration depth 1 was
given which was confirmed experimentally. Another phenomenological theory was
proposed by Ginzberg and Landau (G-L theory) introducing the concept of an order
parameter and a temperature-dependent coherence length which close to 0 K is similar
to the temperature-independent Pippard coherence length. The most successful
theory, the microscopic BCS theory ultimately came from three physicists Bardeen,
Cooper and Schrieffer in 1957. They argued that two electrons with equal and oppo-
site momenta form a bound pair (Cooper pair), a boson, via the exchange of a virtual
phonon overcoming the Coulomb repulsion. These pairs (bosons) condense into a
ground state, a gap appears in the energy spectrum, and the system turns supercon-
ducting. The energy gap goes down to zero at 7. Theory however could not explain
the so-called high-temperature cuprate superconductors (HTS) which are similar to
BCS superconductors in several respects but differ drastically in many others. There
is no evidence of phonon mediation in pair formation in these materials as evidenced
from the absence of isotope effect. After many attempts and a long turmoil, two theo-
ries have found some acceptance. First is the RVB resonance valence bond (RVB)
theory proposed by P. W. Anderson, and the other is spin fluctuation theory proposed
by P. Monthoux. The two concepts are qualitatively described briefly in this chapter.
Recently, Christoph Renner through their STM studies observed Caroli-de Gennes—
Matricon states (vortex-core states) in YBCO under magnetic field supporting the
strong belief that superconductivity in cuprates may be of the BCS type. Li et al.,
based upon their ARPES data, have proposed a positive feedback mechanism. They
argue that the incoherent correlations associated with the strange-metal normal state
do not disappear; instead, they convert to strongly renormalized coherent state at
temperature well above 7 as soon as the superconducting fluctuations set in. More
recently, Yanagisawa et al. have proposed that superconductivity in high-7, cuprates
is induced by the strong on-site Coulomb interaction. The phase diagrams for 2D
Hubbard model and the three-band d-p model show different regions of superconduc-
tivity, paramagnetic and ferromagnetic phases. Last word on the theory of high-T;
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superconductivity is, however, yet to come. MgB, superconductor discovered in
2001 with T; = 39 K has fortunately turned out to be a BCS superconductor as also
supported by the isotope effect. Origin of superconductivity in iron-based supercon-
ductors (IBSCs) with T, as high as 55 K and more recently 100 K in a monolayer,
discovered in 2008, has proved to be more complicated than the cuprates. Many
groups of IBSCs [such as 1111, 111, 11 and 122] with different electronic structures
pose problems in finding the right type of pairing mechanism. Newly discovered
superconductor, sulphur hydride (H3S) with record 7, = 203 K has been found to be
a typical BCS superconductor. High 7, has been well accounted by the BCS theory
with high-frequency optical phonons mediating in pair formation. It appears that
the celebrated BCS theory may triumph one day and explain superconductivity in all
types of superconductors after taking the peculiar structural parameters into account.

4.1 A Chronology of Theories of Superconductivity

In this chapter, we will review the development of important theories culminating into
a successful microscopic theory formulated by Bardeen et al. [1] which explained
all the important features of metal superconductors quite well. The first theory to
explain the occurrence of superconductivity in metallic superconductors was given
by London brothers [2] (Fritz London and Heinz London) in 1935. They had set out to
formulate a law similar to the versatile Ohm’s law valid for normal conductors. Ohm’s
law, however, cannot account for superconductors because current in a supercon-
ductor flows without a voltage. The formulation has also to explain Meissner effect
which characterizes a superconductor and distinguishes it from a perfect conductor.
Since Meissner state is a fundamental equilibrium state, the current flow must corre-
late with the applied magnetic field and not with the voltage. They drew a connection
between the current density J and an electromagnetic vector potential A and employed
Maxwell’s expressions. The theory accounted well for the infinite conductivity as
also for the Meissner effect. Another important landmark in this journey was the
so-called GL theory proposed by Ginzburg and Landau [3]. The theory in its orig-
inal form was a phenomenological theory in which they argued that free energy
of a superconductor can be expressed in terms of a complex wave function W (r)
which is an order parameter (ns = |W(r) |2) within the general theory of Landau of
second-order phase transition. Gorkov [4] in 1959 did, however, show that the GL
theory was a limiting case of the microscopic theory of BCS valid near Ti., where
W (r) is proportional to the energy gap parameter. But the answer to the question
that how a single wave function describes a superconductor not only at 7 = 0 but
also at all temperatures below 7, came in 1957 from the BCS theory. These three
gentlemen proposed that in a superconductor electron pairing takes place via the
exchange of a virtual phonon and the pairs condense to a ground state. This was the
first successful microscopic theory which accounted well for all the peculiar prop-
erties of the superconductor observed experimentally. These theories will be briefly
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discussed. A concise description of the theories, as they existed in 1990, was given
by Ramakrishnan and Rao [5]. A summary of theories proposed by various schools
of thought to explain the occurrence of superconductivity in the cuprate supercon-
ductors or the so-called high-temperature superconductors (HTSs) will be discussed
towards the end of this chapter. Rigorous treatment of any theory is outside the scope
of the book.

4.2 Londons’ Theory

London brothers started with the logic that if the electrons do not encounter resistance
(superelectrons) they will continue to accelerate in an applied electric field such that

dv eE @.1)

dt m ’
where e, m and v are the charge, mass and velocity of the electron, respectively, and
E the electric field. If we multiply both sides with the density of these superelectrons
and the charge e, we get

2
%(nsev) = [";f }E (4.2)

But since (nsev) in (4.2) is just the electric current density J;, we now have

d s 2
) = [”nf }E 4.3)

London(s) expressed the electromagnetic field in terms of a vector potential A.
We thus have the relation between magnetic flux and the electric field,

B=VxA 4.4)
And
0A
E=—|— 4.5
o7 4.5)

Combining (4.3) and (4.5), we get

nge? _8A]

d
a0 =% (4.6)
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The expression for J; can now be obtained by integrating (4.6). J; is thus given
by

2
Jo=— <"Se )A 4.7)

m

London(s) assumed the constant of integration to be zero so that the relation (4.7)
is unique and which accounts well for the zero electrical resistivity.

The expression for the magnetic field B can be obtained by employing Amperes
law

(V x B) = uoJs (4.8)

Using (4.4) and (4.7), we can eliminate J; and have an expression for B

2
V x (V x B) = —[”’S: }MOB 4.9)

Assuming the field along the z direction, we get London equation for field inside
the superconductor along the x direction as given by

d’B(x) _ Lonse>

02 B(x) (4.10)
which has a solution of the type
B(x) = Byexp(—x/A) “4.11)

The solution matches with the experimental observation that the magnetic flux
is maximum at By on the superconductor surface and drops exponentially inside
it to 1/eth value at a distance of A, called Londons’ penetration depth or just the
penetration depth. The equation for the penetration depth A thus becomes

I [ m ] (4.12)

o [ nse?

The penetration depth thus turns out to be inversely proportional to the square root
of ng, the superelectron density which changes with temperature. As the temperature
increases, n, decreases, and the flux penetration increases. At T, n, decreases to
zero, and the whole material is penetrated with magnetic field, thus turning the
superconductor into the normal state. Although Londons’ theory did explain the
infinite electrical conductivity and the Meissner effect, yet the expressions (4.11)
and (4.12) are only approximate insofar as the calculated values of A differ from
the experimentally determined values. This may be due to the uncertainty of the
values of ny, e and m taken for free electrons, which obviously cannot be justified.
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The parameters like the superelectron density, n;, their effective charge and effective
mass have to be taken into account. After all, a superconductor cannot be treated as a
free electron metal. Instead, superelectrons in a superconductor interact coherently.

4.3 The Ginzburg-Landau Theory

The Ginzburg-Landau theory of superconductivity or called just G-L theory [3] is
a phenomenological theory and valid close to the transition temperature. Neverthe-
less, it accounts well for the main characteristic properties of the superconductors.
Recognition of this theory came after Gorkov [4] showed that the theory can as well
be derived from the microscopic BCS theory. Since superconductivity is caused by a
second-order phase transition, this theory draws an analogy with the similar second-
order ferromagnetic phase transition in metals like iron and nickel. The order param-
eter M, the magnetization in ferromagnets, has now been replaced by a macroscopic
quantum wave function v (r). The theory expresses the free energy of a supercon-
ductor in terms of the expansion of ¥ (r). Ginzburg and Landau treated the order
parameter V¥ (r) as the wave function of the superconducting state which can vary
with the location r. They expressed the order parameter ¥/ (r) as | (r)|e’¢") where
@(r) is the phase. The gradient of the phase at r is related to the momentum, that is,
the current flowing at the point r. Ginzburg and Landau expanded the free energy as
a functional power series for small values of ¥ (r) and for its slow spatial variation
as below

F(r) = fawf(rnz LB+ dE VY () — (ie* /) A ()|
+ (/Dm0 f B(r)dr @.13)

Terms a, b and d are the energy density terms. It is assumed that the term ‘a’ is
temperature-dependent and given by a = ag [(T — T,)/T.] and the terms b and d are
assumed to be temperature-independent. The third term which is proportional to the
squire of the gradient of i indicates the uniform value of ¥ (r) at minimum energy.
The quantity £ has the dimensions of length and represents a characteristic length
scale over which ¥ (r) varies and can thus be identified with the coherence length. It
is to be noticed that this square term also has the electromagnetic potential A because
V1 (r) is proportional to current which too depends upon A. Magnetic field energy
is represented by the last term in (4.13). The free energy expression above assumes a
configuration ¥ (r), yielding minimum free energy condition controlled by external
parameters like temperature and magnetic field. Quite a few solutions of equation
(4.13) are possible which yield various superconducting parameters.

The term & in (4.13), called Ginzburg-Landau coherence length, is given by
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h

- 4.14
12m*a(T)|"? 19

é6L

This characteristic length is the distance over which ¥ () can change without
appreciable energy increase. In a pure superconductor close to 0 K, &5, ~ &
similar to temperature-independent Pippard coherence length. £ , however, diverges
as (T, — T)_l/ % since ‘a’ vanishes as (T — T.). These two coherence lengths
though based on the same concept yet are two different quantities. Coherence length
decreases with the addition of impurity to the superconductor as the electronic mean
free path decreases. In pure metal superconductors, the coherence length is of the
order of few hundred nm and can be reduced to few tens of nm on alloying.

4.3.1 Flux Exclusion and Zero Electrical Resistance

The GL theory too leads to a London type relation between the electromagnetic
vector potential ‘A’ and the electric current. Taking current density of a system of
charges in a vector potential as the rate of change of its energy with vector potential
‘A’, we can write

Js(r) = —[0F /0 A(r)] (4.15)

— —dsz%[w*(r)(v - %A)W) + c] (4.16)

In a region where order parameter is uniform, that is, Vi (r) = 0, J, is given by
e*2

Js= —dézlxﬁIz(ﬁA) (4.17)

Which is the London equation. The constant of proportionality depends upon the
order parameter |y |2. As the order parameter decreases, penetration length increases.
Since near T, ||* o (T'c — T), the penetration depth A should be proportional to
(T, — T)~"/2. This variation of \ with temperature is indeed experimentally observed
as shown in Fig. 2.11. The assumption that ¥ does not vary spatially implies that
London results are valid if &, the length scale of the variation of 1, is much smaller
than A (§ < A). This condition is satisfied only in type II superconductors.



4.3 The Ginzburg-Landau Theory 129

4.3.2 Flux Quantization

Londons’ postulate that the flux inside a superconducting ring is quantized also
follows as a consequence of GL theory. We know from our discussion on Meissner
effect that the flux penetrates a superconductor a small depth A only, being protected
by the surface screening current. Deep inside the ring (contour C) the supercurrent
as well as the field will be zero. Thus, (Fig. 4.1)

ie*A
h

Js = Ilf*(r)[v - ]1//(1”) =0 (4.18)

Since ¥ (r) = |¥|e’?(r), (5.18) can be written as,

Vo(r) — 0 (4.19)

e*Alr)
=
The order parameter should have a unique value with minimum energy at every
point along the circular path. In going round the circular path, phase ¢(r) should
change only by an integral multiple of 27t. Thus, from (4.19),

f Vo -dl = Ap =2nw (4.20)
Or
e* e*
—DA-dl=— 4.21
W ?ﬁ ¢ (4.21)
Or

Fig. 4.1 The flux contained
in a superconducting hollow
cylinder or a circular ring is
always an integral multiple
of the unit quantum of

flux g9 = h/2e
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nh
o= =g (4.22)
e
We thus find that the single valuedness of the order parameter leads to the flux
quantization. The quantity e* turns out to be equal to 2¢ in the microscopic theory.

4.3.3 GL—Parameter and Type II Superconductors

The ratio of Londons’ penetration length A and the GL coherence length & is called
the GL parameter represented by «, that is,

K = \JE (4.23)

Since both the parameters A and £ diverge as (7. — 7)™ 2, the GL parameter, k
remains temperature-independent. For typical classical metallic superconductors, A
is much smaller than &, and the ratio k is smaller than 1. In fact, the value of the GL
parameter distinguishes between two classes of superconductors type I and type II.
For most metallic superconductor, k < 1/,/2, and for type II superconductors (like
alloy superconductors and high-T superconductors), this ratio is k > 1/,/2. Thus, k
= 1/{/2 (< 0.71) is the dividing line between the two classes of superconductors.

4.3.4 Josephson Effect

From the aforesaid discussion, we understand now quite clearly that a superconductor
is defined by an order parameter W(r) with a phase which is constant within a
superconductor. This phase can however be changed by an external magnetic field.
Variation of phase causes a current to flow. If two superconductors with two different
phases ¢; and ¢, are coupled weakly (like in a microbridge or a point contact), a
current tends to flow across the weak link or the junction. This current is dependent
on the phase difference (¢; — ¢2). The expression for the current that flows through
the weak link can be written as

i =i.sin(p; — o) 4.24)

No current will flow if the phase difference ¢; — ¢, is zero. I, in the above equation
is the critical current of the junction and depends upon the junction strength. This
is DC Josephson effect [6], and we have discussed it in some details in Chap. 2,
Sect. 2.14. This current flows without a potential difference. In a geometry, like a
superconducting ring, the phase difference will change with the flux in the ring which
is quantized. Equation (4.24) will now take the form
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=i Sin[((pl —¢2) + 27T(pjunction/‘p0] (4.25)

In a SQUID (Fig. 2.31), the two arms acquire different phases equal to 277 times
the unit quantum of flux, ¢y depending on the enclosed flux. The current will be
maximum when the phase difference is 27 times ¢y and minimum when the phase
difference is an odd multiple of . The current pattern is thus oscillatory when plotted
against the magnetic field passing through the SQUID (Fig. 2.31).

An expression for the AC Josephson effect can be derived from the equation (4.22)
by differentiating with respect to time, that is,

dp e"[0A
V— = —|— 4.26
at h ( at ) (4.26)

Since the rate of change of vector potential A is V

dp eV
ot h

4.27)

Thus, the phase difference between the two superconductors in a Josephson
junction turns out to be

Ap = [2%\/][ (4.28)

Thus, if a voltage V is applied across the junction, an AC current with a frequency
2e V /h will flow. We thus find that G-L theory accounts well for most of the charac-
teristic parameters of a superconductor and establishes the fact that the free energy
of a superconductor can be expressed as a function of an order parameter, which is
influenced by external electromagnetic field.

4.4 The BCS Theory of Superconductivity

The sharp transition temperature (~ 10~ K) in superconductors had long established
the fact that superconductivity is a cooperative phenomenon in which a large number
of entities (conduction electrons) take part. There are, however, two major difficul-
ties. One that the electrons are fermions and obey Fermi—Dirac statistics according
to which no two electrons can occupy the same quantum energy state. A cooperative
phenomenon or the coherence among electrons is thus not feasible. Secondly, elec-
trons experience Coulomb repulsion which will prevent them from coming together
howsoever weak the Coulomb repulsion may be. Suggestion, that two electrons can
have an attractive interaction via a lattice distortion overcoming the Coulomb repul-
sion, came first time from Frohlich [7] in 1950. Frohlich argued that electron—phonon
interaction, which is associated with either the emission or the absorption of a phonon,
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could lead to a new state of superconductivity. As the two electrons attract each other
and form a bound pair, they behave like a boson obeying Bose—Einstein statistics.
All the bosons can then condense coherently into a single quantum state. Confirma-
tion of the electron—phonon (lattice) interaction responsible for superconductivity
came from the discovery of isotope effect [8, 9] (discussed in Chap. 2, Sect. 2.10) in
metal superconductors. In the same year (1950), Bardeen independently developed
a theory [10] of electron—electron interaction via the exchange of a virtual phonon
on similar lines.

4.4.1 The Cooper Pairs

Electron—electron attractive interaction via the lattice vibrations originally proposed
by Frohlich [7] can be understood using the following argument [11]. Let us assume
that an electron passes through the lattice distorting it by attracting positive ions
(Fig. 4.2). This lattice distortion, because of the large inertia, will lag behind the
moving electron by a distance

2
d ~ vp=2 ~ 100 — 1000 nm (4.29)
wp

where wp is the Debye frequency. This lattice deformation, because of the accumula-
tion of positive charge, will attract another electron passing through this region. This
attraction will be maximum when the second electron moves along the track left by
the first electron and is a distance d away. This attractive force is a polarization force
and lasts much longer as compared to the coulomb repulsive force between these two
electrons, which is instantaneous. It is for this reason that even if the lattice distor-
tion is weak, the attractive force mediated by it overcomes a stronger instantaneous
Coulomb repulsion.

Cooper [12] studied to find what happens when two electrons with equal and oppo-

site momenta p; = — p, with magnitude slightly more than the Fermi momentum
Fig. 4.2 Lattice deformation 2-D Lattice
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pr are added to a filled Fermi sphere. Because of the Pauli exclusion principle, these
electrons cannot occupy energy state below the Fermi level being fully occupied.
Instead, they tend to come together via the exchange of a virtual phonon and form a
bound state. These pairs, called Cooper pairs have a binding energy of 10°-10* eV.
To preserve this binding energy against thermal excitations, it is necessary to main-
tain the temperature low. The binding is strongest when the electrons have equal and
opposite momentum so that the total momentum of the pair is zero and the pairs are
in spin-singlet state. The size of the Cooper pair, ‘r’, can be calculated using the
relationship

r= [@} (4.30)

where Ep is the binding energy and vg the Fermi velocity. Taking the Eg as 10-107*
eV and vy = 10® cm/s in a metal, ‘7’ turns out to be 100—1000 nm, the same as d in
(4.29).

Thus, we find that the size of the Cooper pair is quite large compared to the distance
between two electrons (~ 0.01 nm) and thus is an extended entity. This implies that
there will be a considerable overlapping of the Cooper pairs. As shown in Fig. 4.3,
there will be hundreds of thousands of other pairs within the space occupied by one
Cooper pair. Once electrons form a bound pair, all other electrons tend to realign
into bound pairs as well. Bardeen Cooper and Schrieffer showed that the energy of

é ¢ Lo & 7
o og0?o0e0%0 Yo ©

Fig. 4.3 Single electron and Cooper pairs in a metal lattice. Pairs extend over long distance
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Fig. 4.4 Pictorial depiction of the energy spectrum of a metal and a superconductor

the system is lowest when all the pairs have the same momentum, that is, zero and
have phase coherence.

The energy level diagram of a normal metal (7" = 0), a superconductor at 7 = 0
and at T > 0, has been shown in Fig. 4.4. All the levels below Fermi level are filled
in a metal, and those above Fermi level are empty. In a superconductor at 7 = 0,
all the electrons form bound pairs and condense to the ground state, and an energy
gap = 2A appears in the energy spectrum. A pair can be broken into quasi-electrons
only when an energy equal to 2A is supplied to the superconductor. These electrons
will occupy the empty levels above the energy gap. At finite temperature (below 7),
bound pairs as well as single electrons are interspersed. All the pairs occupy the
ground state, and the single electrons occupy the levels above the energy gap.

4.4.2 Formulation of the Microscopic Theory

With the plethora of crucial experimental data on superconductors available and the
phenomenological and semiphenomenological theories already developed, the time
was just ripe for Bardeen, Cooper and Schrieffer to formulate their microscopic
theory for superconductors. BCS set for themselves the task to formulate a theory
that accounts for all the experimental observations, namely (i) the zero electrical
resistance below T¢, (ii) second-order phase transition at T, (iii) Meissner effect, (iv)
an energy gap of right magnitude, (v) a jump in specific heat at 7. and an exponential
term in the electronic specific heat in superconducting state, (vi) dependence of T
on isotopic mass and (vii) the penetration depth and its temperature variation.

The theory was built around the Cooper pair formation involving electron—electron
interaction via the exchange of virtual phonon discussed above. This interaction is
attractive when the energy difference between the electron states is smaller than the



4.4 The BCS Theory of Superconductivity 135

phonon energy fiw. Superconducting phase is formed when this attractive force is
greater than the repulsive screened Coulomb interaction. With the electrons now
forming bound state, the energy is lowered, and pairs condense to the BCS ground
state. An energy gap appears in the energy spectrum. An energy equal to this gap
energy is required to break a pair. All the pairs in the ground state are indistinguishable
and are in the same phase. They keep on changing their partners within a narrow
energy band around the Fermi level. Momentum is conserved when a pair is formed
(ki + k) = (ki + k/z) Here, k; and k, are the wave vectors of electron one and
electron two before pairing, and k] and k) are the respective wave vectors after
pairing. According to BCS theory, all the pairs can be represented by a single wave
function. The state so produced is highly ordered. This order extends over the entire
lattice and is responsible for most of the exotic properties of the superconductors.
A detailed analysis of the BCS theory is outside the scope of the book, and I refer
to their original paper [1]. We, however, summarize below the important results and
relationship between different superconducting parameters calculated by BCS.

4.4.3 Transition Temperature

In the weak coupling limit (k7. < hw), the expression for the transition temperature
has been obtained by solving ground-state energy equations and is given by the
expression

kT. = 1.14hwexp|:— :| 4.31)

NO)V

where N (0) is the density of electron states of one spin per unit energy at the Fermi
level and V the electron—phonon interaction parameter. Here, we find that T is
proportional to the phonon frequency fw that is consistent with the observation of
the isotope effect in superconductors. We also notice in (4.31) that T, is a strong
function of the electron concentration as the density of state enters in the exponential
term. It is thus possible for one to make calculations for the change in 7 as a result
of alloying or applying pressure.

4.4.4 The Energy Gap

Another remarkable finding of the BCS theory is that it predicts a relationship of T
with the energy gap, which is given by

2A = 3.5kT, (4.32)
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It is interesting to note that the energy gap normalized to the zero temperature
value when plotted for various superconductors against the reduced temperature,
T/T., lies on a single universal curve as already shown in Fig. 2.20. The law of
corresponding state does predict this ratio to be the same for all superconductors.
As seen in Fig. 2.20, the energy gap at T = 0 is almost independent of temperature.
Close to T, gap versus temperature relationship is given by

2A = 3.2kT.[1 — (T/ Tz (4.33)

4.4.5 Critical Field and Specific Heat

BCS theory predicts the critical field B to vary as 1 — (7/T.)* which is in conformity
with the Gorter—Casimir two-fluid model [13]. Most of the B, experimental data fall
between the BCS curve and the 1 — (7/7;)? plot. The maximum deviation is 4%.
The critical field at T = 0 is given by

Boo = [4T N(0)]2 A(0) = 1.75[47 N (0)]2kT, (4.34)

where 2A (0) is the energy gap at T = 0, and the density of states N(0) has been taken
for a unit volume. On the basis of law of corresponding states, Eq. (4.34) yields

1
yT?/B%: = gn[ch/A(O)]z =0.170 (4.35)

Here, y is the coefficient of the electronic specific heat of the normal state (Ce, =
yT) and is given by

2
y = gnzN (0)kT (4.36)

The two-fluid model gives the value of the ratio in (4.34) as 0.159 quite close to
the BCS value.

At T, the energy gap disappears, and the specific heat drops to normal state value.
This peak in specific heat is caused by the onset of second-order phase transition.
The ratio of the excess specific heat to normal state value at T, turns out to be

Ces - ch

=1.52 4.37)
yTc g,

The value of this ratio as given by Gorter—Casimir model is 2.00. Experimental
values fall between 1.52 and 2.00. The experimental data on Sn fit extremely well
with the BCS curve. BCS value near the T, was later corrected, and the intercept at
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T = T, became 2.52. The two curves thus almost overlap all through. The electronic
specific heat can be expressed as

CC% —
== =g bIT (4.38)
yT.

Corak et al. [14] have reported their specific heat data on V and Sn which fit
with the above expression quite well for 7./T > 1.4 with parameters, a = 9.10 and
b = 1.50. The BCS theory thus gives a very good account of the thermodynamical
properties of the superconductors.

The BCS theory also yields expressions for all other superconducting parame-
ters like critical current, coherence length and the penetration depth. It deals very
successfully with Meissner effect and electro-dynamical properties of the supercon-
ductors. At the same time, the theory does not invalidate any of the then existing
phenomenological theories. BCS theory remains to-date the successful microscopic
theory of superconductivity. It stood the test of time and was awarded Nobel Prize
only in 1972 a good 15 years after it was formulated. It explains well the behaviour
of at least type I superconductors. Theory, however, does not predict which material
should become superconductor and which should not. It has also not been successful
in its existing form to explain the occurrence of superconductivity in so-called HTS
cuprate superconductors.

4.5 Anomalous Properties of the Cuprates

As discussed in detail in Chap. 3, the discovery of superconductivity at 30 K in La-
system [15] then at 92 Kin YBCO [16] and at 110 Kin BSCCO [17] caused unprece-
dented excitement among the superconductivity community. A race started to look
for newer materials with higher and higher 7. The discovery also threw a challenge to
theoreticians to find a suitable theory which can account for high-T7, values far beyond
what could have been accounted for by the BCS theory. While companies have been
engaged in exploiting these materials for magnet and power applications, theoreti-
cians remain entangled in solving the mystery. Leading theory groups have been
putting forth various theories and hypothesis at times contradicting each other’s view-
point. High-T, superconductors have several features quite common to the conven-
tional superconductors but have many properties that are anomalous and at variance
with conventional superconductors. This riddle continues to be unresolved to-date.
We discuss below the anomalous properties that these superconductors display.



138 4 A Review of Theories of Superconductivity

4.5.1 Temperature-Hole Concentration Phase Diagram

Cuprates are unique materials as far as they transform from insulating state to a
superconducting state at an optimum level of doping. Oxides in general are supposed
to be insulating in their solid state, but some of them, mostly binary and ternary oxides
of transition metals, do show transition to metallic state under suitable condition of
temperature, pressure and doping. What surprised us all in 1986 was that La,CuOs,
which is an antiferromagnetic insulator with a Neel temperature of 290 K, turned
metallic and subsequently showed superconductivity at 30 K when it was doped
suitably with Ba or Sr. La is in La®* valence state, Cu in Cu?* valence state and O in
O% valence state in the undoped La,CuO4 compound. If, however, La3* is replaced
by Sr?*, either Cu has to be in Cu* state or O has to be in O'~ state. Spectroscopic
evidence does suggest the presence of O'~ state, thus adding a hole in the otherwise
filled p-shell. This hole concentration is proportional to the doping concentration
x in Lay xSryCuOy4. The movement of holes leads to metallicity and ultimately to
superconductivity.

The temperature-Sr doping (x) phase diagram [18] of this system is shown in
Fig. 4.5. In the underdoped region, the material is an antiferromagnetic insulator.
Below a temperature 7* and above T, the material has a pseudo-gap phase. The
transition between the Fermi liquid and strange metal occurs gradually, and there is no
sharp boundary between the two phases. Superconductivity occurs between x = 0.06
and x = 0.28, and the highest value of 7T, is found for x = 0.2. QCP indicates quantum
critical point at which T* becomes zero. At increased doping level (over-doped),
different phases are obtained at different temperatures. Superconducting phase occurs
below 7. for a doping level x = 0.05 to x = 0.28. Thus, we find that the doping
level is very crucial for the occurrence of superconductivity in cuprates. For very
low doping called ‘underdoping’, the material is in a long-range antiferromagnetic

Fig. 4.5 Phase diagram of a
hole-doped (Las.xStxCuO4) Insulator and
cuprate, showing antiferromagnetic
superconductive (SC),
antiferromagnetic (AF),
pseudo-gap, strange metal
and Fermi liquid (FL) metal
regions. Neel temperature
(Tn), superconducting .
transition temperature (7¢) .
and pseudo-gap temperature 8
;cale ([Tl’;)] arCe indicated in Pseudo- ‘.‘ liquid
gure . Courtesy X
Chandra Varma and with 8ap phase Tc
permission from Nature
Publishing House
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state, it is superconducting for ‘optimum doping’, and finally, superconductivity
disappears in ‘over-doped’ systems. 7. turns out maximum close to 0.2 holes/CuO,
layer doping. The normal states above the superconducting dome at high temperature
are abnormal in contrast with known states of matter found in nature. As shown in
Fig. 4.5, the normal region can be divided into three parts, namely the pseudo-gap
region for underdoped (small x), the strange-metal region (intermediate values of x)
and a conventional metal (large x) in the over-doped region. Quite unlike a real-phase
transition, the pseudo-gap state crosses over and goes into the strange-metal phase
above a temperature scale shown as the pseudo-gap scale T*.

4.5.2 Normal State Resistivity

The electrical resistivity of the cuprates is anomalous. As discussed, earlier cuprates
are highly anisotropic materials. The resistivity in the Cu-O planes (ab planes) is
quite different from that along the c-axis. Resistivity in ab plane is metallic over
a wide range of temperature down to 7. where the material goes superconducting.
Resistivity along the c-axis, on the other hand, is semiconducting, even though the
material displays superconductivity at the same temperature, 7.. Thus, below T,
one observes superconductivity in both the orientations. Cuprates also exhibit strong
anisotropy in their J; and B, behaviour.

Another anomalous behaviour of normal state resistivity is that in the ab-plane
the resistivity varies linearly over a wide temperature range of several hundred K
down to T; as shown in Fig. 4.6. In normal free electron metals, well above Debye
temperature (Op) the resistivity is linear in temperature, but below Op, it decreases
rather fast ~ 7°. Resistivity in metals is caused by the scattering of electrons by
phonons, lattice imperfections and other electrons. None of the above scattering
mechanisms accounts for the observed variation of resistivity in cuprates.

This perfect linearity of resistivity with temperature all through, from the high
temperature to near T, is a function of doping as well. This is seen from Fig. 4.7 for
the compound La, SrxCuQy [19] for different values of doping (x = 0.07, 0.15 and
0.34). The R-T plot is perfectly linear throughout the large temperature range for
x = 0.15, that is for optimum doping. For underdoped and over-doped compound,
the curves deviate from perfect linearity. This linear resistivity behaviour is certainly
non-Landau’s Fermi-liquid like and thus quite different from the normal metals. The
underdoped regime (x = 0.07) marks the pseudo-gap causing a dip in resistivity
below a certain temperature. Over-doped regime (x = 0.34) hints at the recovery of
Landau’s Fermi-liquid behaviour. Very strangely this linearity in R-T plot is found
in all the cuprates with differing 7, values right from 20 to 120 K with almost similar
slope.

Besides the anomalous linear resistivity/temperature behaviour, the cuprates also
display normal state properties like Hall effect and frequency dependence of the
electrical conductivity quite different from the normal metals. The electrical conduc-
tivity, o (w), for example, decreases as ™' instead of w2 expected for the normal
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metal. Hall effect measurements yield parameters, namely Hall angle (GH x T72%),
Hall resistivity (,oxy x T’l) and the transverse magneto-resistance (A,o /p o T™4).
In addition, the photo-electron spectroscopy shows that over a large energy range,
the spectral function is dominated by an incoherent function. All these observations
strongly hint at the failure of the Landau’s Fermi-liquid theory in the optimally doped
cuprates. The measurements on momentum transport scattering rate in resistivity in
normal state show the processes dominated by electronic scatterings and not by elec-
tron—phonon scattering. There is enough evidence that the inverse lifetime increases
with energy linearly and not quadratically as expected in normal metals. As seen
from the phase diagram (Fig. 4.5), superconductivity occurs in a narrow region of
optimal doping by holes. If more holes (0.3-0.4) are doped, the resistivity curve
(Fig. 4.7) shows an upward turn which can be expressed by p = py + p'T>. The
T? law is reminiscent of quasi-particle—quasi-particle scattering in Landau-Fermi
liquids. The over-doped region thus tends to be closer to the Landau-Fermi liquid
theory.

4.5.3 Presence of Pseudo-Gap in Highly Underdoped
Superconductors

Several precision experiments like the specific heat, angle-resolved photoemission
spectroscopy (ARPES) and the scanning tunneling microscopy (STM) have revealed
the existence of a pseudo-gap in the energy spectrum of highly underdoped cuprates
(Fig. 4.5), a strange behaviour indeed. This energy gap is quite different from the
usual energy gap in superconductors which appears at 7.. The pseudo-gap exists
over a wide range of temperature and doping. The understanding of the origin of this
pseudo-gap may play a crucial role in understanding the mechanism responsible for
the occurrence of superconductivity in these high-7;. superconductors. This energy
gap is termed ‘pseudo-gap’ because it has no direct relationship with 7. Through a
systematic study on a heavily underdoped Bi(2212) system with 7, =30, 40 and 50 K
using ARPES technique, a Stanford group had observed distinctly two energy gaps
along the Fermi surface in different parts of the momentum space. Their observation
hints at the presence of a small gap with a sharp coherent peak near the nodal region
identified with pseudo-gap and a larger gap at the antinodal region identified as the
normal-superconducting gap. The two gaps, however, display opposite behaviour on
doping. The magnitude of the larger gap scales with 7, in conformity with the BCS
theory.

The presence of a pseudo-gap is the unique features of cuprates, and its origin may
as well throw light on the occurrence of superconductivity in these materials. Above
experiments also confirm that the pseudo-gap is not a precursor to superconductivity.
Instead, this state competes with the superconducting state. These studies reveal that
superconductivity in the underdoped state is weakened by the loss of coherence due
to a reduction in the superfluid density and weakening of the pair amplitude. The
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reduction in the superconducting gap may be related to the shrinkage of the Fermi
surface due to underdoping, leading to a reducing phase space for pairing.

4.5.4 Comparison with Conventional Metallic
Superconductors

Although cuprates have many similarities with the conventional superconductors,
yet they behave very differently in many respects. For example, the following three
experimentally determined dimensionless ratios for cuprates are all within the range
of conventional superconductors. These ratios are

. 2A

@) T ~35-48 (4.39)

... 2A

(ii) T ~ 1.5 (4.40)
C

B,

(iil)) —— =1 “4.41)

47 N(0)=2

2A being the energy gap.

Formation of Cooper pairs (e* = 2¢) has been confirmed in cuprates experimen-
tally through the observation of DC/AC Josephson effect.

Existence of an energy gap in the single particle energy spectrum is confirmed,
though high in comparison with the transition temperature thermal energy.

Isotope 'O has been substituted in place of normal '°O, but the decrease in T
observed is small, putting a question mark on the exact role of lattice in pair formation
in cuprates.

Flux quantization ((p = %) too has been confirmed in these materials.

Cuprates are extreme type Il superconductors, thatis, (A/€ >> 1), meaning thereby
that the field penetration is large because of low carrier concentration ~ 2 — 5 X
10!/cm?. Consequently, these superconductors also show poor Meissner shielding.
In clean limit, £7—y << mean free path which is of the order of 10-20 nm near 7.
Following the BCS expression for coherence length § = Avg/m A(0) and taking the
Fermi velocity vg = 1.1 x 107 cm/s and the gap parameter 2A (0) = 6k T, coherence
length, &,, turns out to be 1.5 nm which is a typical value for YBCO in ab plane.
However, the coherence length along the c-axis, & = 0.15-0.3 nm, is much smaller
than in the ab plane. This low value of & indicates that the CuO, layers are weakly
coupled because of large charge reservoir layers.

The concept of short coherence length is interesting as far as it indicates at low
carrier concentration < 1 per CuO, layer. Since coherence volume &3 contains 5—
10 CuO; units, it has less than five pairs far less than the 10* pairs in aluminium
superconductor. This leads to pronounced fluctuation effects. The B, = ¢o/2w£? of
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these superconductors turns out of the order of 100 T which is almost four to five times
the B, value for conventional best superconductor, the Nb3;Sn. Peculiar features like
different mobilities, the layered structure and the granular nature of these materials
make it very difficult to work out transport parameters. These materials characterized
by short coherence length and high penetration depth also display most unusual vortex
state.

Another complication in high-7; cuprates comes in their J.-B behaviour. These
materials show sharp drop in J; with increasing magnetic field because of the large
angle grain boundaries, which block the grain-to-grain current flow. Grains are thus
weakly coupled as discussed in detail in Chap. 3. J. is therefore quite different within
the grain and in the inter-grain region. Intragrain J; is usually very high. Material
being highly anisotropic J.. in ab plane is much higher than along the c-axis. These
materials show enhanced flux creep and flux flow effects because of high operating
temperature (high 7;) and low pinning potential. The flux creep or the so-called
thermal activation leads to a time decay of J. from J.,, the value without thermal
activation. Several techniques have been tried to introduce defects to pin the flux
motion. Highest value of J; has been obtained by growing highly oriented epitaxial
films and highly pure single crystals.

HT cuprates are thus very unconventional but fascinating materials. What causes
the carriers to pair up below T is still an unresolved issue.

4.6 Possible Theories of HTS

A detailed account of the theories proposed during this period of more than three
decades by very many theorists is outside the purview of the book, and we just
mention about a couple of serious attempts made to explain the occurrence of super-
conductivity in these cuprates. Formation of charge carrier pairs in these materials is
well established experimentally, but to find the mechanism of formation of the pair
has proved to be a daunting task.

In BCS superconductors, T; increases with the lattice frequency and the electron—
phonon coupling parameter. Even after taking the largest possible values of these two
parameters for the known materials, 7, cannot exceed 35-40 K if the pair formation
is assumed to be phonon mediated. Obviously, a new possible mechanism for the
Cooper pair formation is to be worked out, and the ensued theory should be able
to explain all the normal and anomalous properties of the cuprates. We just give a
summary of a few credible attempts made by the theorists.

Various theories were proposed by many theory groups during last 34 years
ranging from the extension of the BCS theory (attraction mediated by phonons),
the excitonic mechanism based on electronic polarization, the marginal Fermi liquid
theory, spin bipolaron (or spin bag), the resonating valence bond (RVB) theory and
the spin fluctuation theory. After a long time of fights and turmoil, people have by
now come to accept two theories on which the work still continues.
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4.6.1 The Resonating Valence Bond (RVB) Theory

The concept of resonating valence bond (RVB) was originally introduced by Linus
Pauling [20] in the context of pt bond states of some organic molecules. The valence
bond develops between a pair of atoms bonded by sharing of unpaired valence elec-
trons of the atoms at the outermost levels. The bonded electrons form a singlet which
resides in between the atoms. This singlet can also be considered a dimer. In a lattice
when valence bonds or dimers between a pair of atoms (nearest neighbours) stabi-
lize into a configuration of many body singlet pairs, a stable state is formed which
is actually a resonating valence bond state. This state is a superposition of all the
possible singlets. It also shows that these singlets move freely between the pair of
atoms and thus can give rise to even a metallic state. However, this superposition
gives rise to an energy gap at T = 0 with respect to any state with long-range charge
fluctuations and therefore, the resonating valence bond state in its pure form cannot
be a metal.

Anderson [21] revived this concept for describing the ground state of the Mott
insulators where electron—electron correlation in systems with one electron per unit
cell yields an insulating ground state while forming singlet pairs. The spin-1/2 exci-
tations in these systems could either form an antiferromagnetic Neel state at 7 = 0 or
a fluctuating resonating valence bond state with superposition of singlet pairs. The
fluctuations are quantum in nature which is further enhanced in lower dimension and
geometric frustration. The Neel state is a solid, while the RVB state is a liquid. In one
dimension, both the states are identical, and there is no energy difference between
them. However, in two dimensions, the RVB state is found to be more stable with
lower free energy. This can be easily understood in a triangular lattice of spin-1/2
particles. The antiferromagnetic coupling between a pair of spins cannot yield a
stable configuration while satisfying the condition of spin pairing between any two
nearest neighbours. Therefore, the stable state is the one which is a superposition
of the fluctuating states—a resonating valence bond state. Soon after the discovery
of cuprate superconductors, Anderson [22] realized that the essential physics of the
origin of superconductivity is contained in the electronic states of the Cu-O planes
which are present in all the cuprates. The Cu-O planes with spin-1/2 excitations
yield a fluctuating spin liquid—essentially a RVB liquid state. Once again, this state
appears with a gap with respect to the long-range charge fluctuations and, therefore,
is an insulator. The statistics of these spin-1/2 particles appear to be different from
normal Fermi—Dirac statistics of indistinguishable particles such as electrons. These
localized spin singlets (notwithstanding the fluctuations) do not conduct electricity.
Only when this Mott insulator is doped by creating holes in the electron states, the
electrons flow and carry current and thus induce metallicity.

Interestingly, it has been found that the collectivfve behaviour of the strongly
interacting localized spins and delocalized holes leads to fractionization and these
quantum particles acquire two different dispersion patterns and are clearly distin-
guishable from each other—spin-1/2 particles (spinons) are more like fermions (ordi-
nary electrons), while the charged particles are spinless bosons (holons). Separation
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of spin-charge spectra in two-dimensional Cu-O layers is an important outcome of
the RVB concept. Depending on the doping level x, a certain number of spin-singlet
states thus get charged and form Cooper pairs. They condense following either Bose
or Kosterlitz—Thouless condensation and give rise to the superconducting state. One
important point worthy of mention here is that the RVB state of spin-singlet pairs
gives rise to a pseudo-gap at 7~ (> T) at which the pairs break. Experimental obser-
vation of the pseudo-gap [23] in cuprate superconductors points out that the RVB
state does form and offers the background for superconductivity to emerge. However,
recent experiments offer a contradictory picture as far as the superconductivity within
RVB context is concerned. In Anderson’s theory, the pseudo-gap is a precursor of the
superconducting gap, and therefore, it should vanish at 7¢.. Yoshida et al. [24] on the
other hand have confirmed, through ARPES experiments on LSCO system, the coex-
istence of pseudo-gap together with superconducting gap below T¢. It thus appears
that the Cooper pairs do not originate from the charging of the spin-singlet pairs.
Instead, they originate elsewhere even though the collective modes of the background
RVB state do bind them. The doped hole actually resides in oxygen ions instead of
Cu 3d levels [25]. This, in turn, breaks the spin singlets and creates free d-electrons
instead of d holes. These free d-electrons form the Cooper pairs while retaining the
RVB background and the pseudo-gap. The theory has been built further by Anderson
and co-workers [26-28].

4.6.2 The Spin Fluctuation Theory

The second theory is the spin fluctuation theory developed by Monthoux and co-
workers [29-31] that finds wider acceptability within the superconductivity frater-
nity. The theory is based upon the premise that the full treatment of charge and spin
degree of freedom of the electrons is essential which predicts an attractive component
of the interaction between electrons without invoking the phonon mediation. Cooper
pair formation is possible through the involvement of spin fluctuations. The theory
envisages that in an undoped cuprate the magnetic field, produced by the antiferro-
magnetically aligned spins of the outer most electrons of copper atoms, locks the
electrons in place. So, it remains an insulator. Doping makes these electrons mobile
rendering them free to move. A passing electron may set up a pulsating pattern of spins
quite similar to the lattice distortion in conventional superconductors. This distortion
can pull another electron allowing the two electron pair up to form a Cooper pair.
This leads to unconventional type of superconductivity in materials like the cuprates
which show sensitivity to the fine details of the crystal structure, the electronic prop-
erty and the magnetic property of the material. This theory too rules out the role
of lattice in the occurrence of superconductivity for the same reason of not finding
isotope effect in these materials like we found in conventional superconductors.
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The focus of the theory has been to understand the origin of the physical properties
of the cuprates in their normal state which can give a clue to the occurrence of super-
conductivity at high temperatures. It is argued that strong antiferromagnetic correla-
tions of the nearly localized Cu?* d orbitals are responsible for the unusual normal
state properties. The same correlations are responsible for the existence of super-
conductivity with high T.. The theory deals with the interaction of quasi-particles
having same charge and spin but not the same mass. In a real metal, an electron with
its moving cloud can be considered as a quasi-particle. Its effective mass can be two
or more orders of magnitude higher than the mass of an electron.

It was established earlier that quasi-particle scattering [32] by paramagnons results
in electrical resistivity which varies linearly with temperature. This quasi-particle
interaction produced by magnetic excitations leads to superconductivity at higher 7
with a d-wave gap. The presence of conventional s-wave pairing has been ruled out by
the detailed NMR studies on these materials. Enough experimental evidence exists
which confirms the presence of a d-wave pairing. Schrieffer et al. [33] too believe
that antiferromagnetic correlations play important role in the determination of 7, of
the superconductors but argue that the coupling between the quasi-particles and spin
fluctuations is so strong that the normal state excitations are solitons (spin bag). They
go to the second-order spin fluctuation exchange to get s-wave superconductivity
rather than going to first-order term to get d-wave superconductivity.

The important results obtained by Monthoux et al. [29] can be summarized as

(T, 1
(a) T, = athF(TC)% exp[—A(TC):| 4.42)
- (1) 1

where wgp is the paramagnon energy, the dimensionless effective coupling
constant—A(7.) = nggff(Tc) Xo(T.)N (0) varies from 0.48 to 0.33 in the
compounds. « and 7 are the constants of the material and are of the order
of unity.

(b) In spite of the poor coupling below T, the energy gap does open up rapidly
reaching a maximum. This energy gap is larger than the gap in weak coupling
BCS superconductors. The results are in conformity with the experiments.

(c) Smaller values of T;, and larger values of A« (0)/ kg7, are, however, obtained
if the antiferromagnetic correlations happen to be strong.

(d) The temperature variation of the calculated planer spin susceptibility is found
to be of right magnitude and matches well with experiments [34].

(e) The coupling constant gesz(TC) evaluated from A accounts well the anomalous
resistivity as well as the optical properties of the normal state.
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NMR experiments [35, 36] on Y;Ba,Cu3zO; in superconducting state have
confirmed, first time, the presence of unconventional superconductivity in this mate-
rial. The experimentally measured temperature-dependent anisotropy of the relax-
ation rates of the ®*Cu and '”O nuclei for field in plane and perpendicular to plane
rule out the possibility of s-wave pairing being responsible for superconductivity in
this system. Bulut and Scalapino [37] also confirm that the superconductivity is of
the d-wave pairing type.

We thus find that the spin fluctuation-mediated coupling model is quite an attrac-
tive one. The strong electron correlation between the local moment and the conduc-
tion electron leads to an anisotropic pair wave function in k-space with nodes on
the Fermi surface. This d-wave symmetry of the pair wave function or the supercon-
ducting gap has been observed experimentally as well. A good successful theory has,
however, yet to come which can explain everything and make good sense of huge
data reported in literature till now.

Since last word on the theory of HTS has not been said, various mechanisms
to explain superconductivity in HTS continue to be proposed by theorists. Let us
discuss briefly a few of them.

4.6.3 Revisiting BCS Theory to Explain HTS
Superconductors

Since HTSs exhibit some of the properties which are at odd with conventional BCS
superconductors, the general belief has been that the BCS theory does not explain
these superconductors adequately and theorists started looking into a theory which
is fundamentally different from BCS. Specifically, the Abrikosov vortices fail to
exhibit localized states in HTS which are observed in all clean superconductors.
Berthod et al. [38] combined local tunneling measurements with large-scale theo-
retical modelling and identified the elusive vortex states in YBa,Cu3O;_; actually
present, though weak. On the basis of the observation of vortex states in HTSs,
which is a crucial feature of the BCS theory, the authors argued that superconduc-
tivity in HTSs is of conventional nature. Abrikosov vortices act as potential barrier
confining non-superconducting electrons which results in bound states with discrete
energies, known as Caroli—-de Gennes—Matricon states [39]. The non-observation of
these states in cuprates led the theorists to search for a theory other than the BCS
theory. Let us go through briefly the arguments put forward by the team [38] in favour
of BCS theory for HTS which are based upon their scanning tunneling spectroscopic
measurements.

Vortices can be observed using scanning tunneling spectroscopy (STS) in which a
tip scanning over the superconductor surface records a peak at the centre of the vortex
core which corresponds to zero electrical bias between the tip and the superconductor.
Fischer et al. [40] had earlier observed discrete states at energies close to one quarter
of the superconductor’s pseudo-gap through their STS studies in YBa,Cu307_;
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which was not in conformity with BCS predictions. Subsequently, Renner’s group
concluded from their STS experiments that those sub-gap features were not related to
vortices. Instead they decided to isolate superconducting states from other collective
electronic states, such as charge order, spin order and pseudo-gap states, which may
coexist with superconductivity in cuprates. Thus, two different ‘channels’ of elec-
trons, a superconducting (SC) one and a non-superconducting (NSC), will affect the
material’s electronic properties. The NSC channel, with higher electron density than
in the SC channel, can mask the SC channel and complicate the investigation of vortex
states. Assuming the two contributions additive, they applied a magnetic field and
subtracted the conductance measured inside the vortices from that measured outside
of the vortices. Since the NSC channel is not affected by the vortices, this leaves
out only the conductance in SC channel. The SC channel signal thus derived showed
clear zero-bias conductance peaks (ZBCPs) corresponding to vortex-core states. The
authors identified 19 vortex cores in a scan of a 90 x 90 nm? YBa,CuzO7_; sample.
The authors interpreted these peaks as Caroli-de Gennes—Matricon states inside
the vortex cores, thus conforming to BCS theory. Renner and co-workers observed
experimentally that vortex states are produced when a magnetic field is applied to
YBCO quite similar to in conventional type II BCS superconductors. This inference
finds support in newly discovered superconductors with high 7, such as monolayer
FeSe films with T, > 65 K [41] and pressurized H3S with 7, = 203 K [42] which
can be explained by BCS theory. These claims have however been disputed by other
theorists. In fact, for wider acceptance of the validity of BCS theory for HTS need
more STM spectral studies in other cuprate superconductors. Also, equations for the
calculation of various superconducting critical parameters need to be derived and
verified experimentally. Renner and co-workers also have to produce justification
for the additiveness of the tunnelling conductance from SC and NSC channels [43].
Nevertheless it is a bold attempt to find a unified theory for a wide family of high-T¢
superconductors.

4.6.4 Positive Feedback Mechanism for High-T,
Superconductivity

Lietal. [44, 45] have proposed yet another pair mechanism, referred to as the positive
feedback mechanism based upon their angle-resolved photoemission spectroscopy
(ARPES) measurements on Pb-doped Bi-2212 cuprate superconductor. The authors
argue that electrons in normal state of the cuprates are correlated quite differently
than in other types of superconductors including conventional BCS superconductors.
Most of these superconductors have strongly coherent electronic correlations. On the
contrary, the cuprates in their normal state have strongly incoherent ‘strange-metal’
electron correlations. These incoherent correlations associated with the strange-
metal normal state do not wither away when cuprates become superconducting.
Instead, these incoherent correlations convert into strongly renormalized coherent
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states which lead to stronger superconducting state renormalization. This conversion
starts as soon as the superconducting fluctuations set in, that is, at temperature well
above the T.. This conversion increases the number of states that can form pairs.
This amounts to a type of a ‘positive feedback’—the conversion creating the pairing
and pairing enhancing the conversion. The authors emphasize that such a positive
feedback mechanism can be the basis for superconducting paring in cuprates.

This strong positive feedback effect stabilizes and strengthens superconductive
pairing favouring an anisotropic (d-wave) superconducting gap. This mechanism
allows much stronger pairing than the conventional strong coupling in the framework
of the BCS theory. It also makes a fully electronics mechanism possible for the
occurrence of superconductive pairing without the involvement of phonons.

4.6.5 Pairing in Strongly Correlated Electron Systems

After the broad consensus reached among the theorists that the pair formation in
cuprates is not phonon mediated, many investigators switched over to electronic
interactions [46—48]. Yanagisawa [48] for example argued that strong electron corre-
lations are responsible for the onset of superconductivity in cuprates. Following the
optimization variational Monte Carlo method, they showed that a high-temperature
superconducting phase does exist in the strongly correlated region. Similar to BCS
superconductors, critical temperature of HTS too may have a strong correlation with
the energy scale of the interaction which causes electron pairing. HTSs are a typical
correlated electron system having nodes in the superconducting gap, indicating that
the Cooper pairs are anisotropic. This confirms the fact that superconductivity in
cuprates is unconventional. Several established facts about HTSs led Yanagisawa’s
group to believe that strong Coulomb interactions may induce superconductivity in
HTS.

Vast amount of experimental results obtained on HTS brought out several char-
acteristic features of HTS unambiguously, which drove theorists to explore alternate
mechanisms of pair formation. Most crucial facts which aided them are: the Cooper
pairs in HTS have d-wave symmetry, their parent materials are Mott insulators, the
superconducting phase exists adjacent to antiferromagnetic phase, the CuO, planes
are present in all cuprates, these planes are highly anisotropic and coupled weakly
like Josephson junctions. The on-site Coulomb repulsive interaction works between
d-electrons, and the size of the Cooper pair is very small about 2A. It is conceivable
that Coulomb interaction within the atom can account for the above-mentioned exper-
imental observations. Since the energy scale of the Coulomb interaction is very large,
of the order of eV, high critical temperature 7 is possible in these superconductors.

Several approaches were applied to investigate high-7, superconductivity in
strongly correlated electron systems but with mixed luck. Zhang et al. [49, 50]
proposed quantum Monte Carlo methods in the two-dimensional Hubbard model
which did not support the existence of high-T, superconductivity. In quantum Monte
Carlo calculations, the strength of the Coulomb interaction U is not large enough
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to account for high-temperature superconductivity, the range of accessible U being
quite restricted.

In an earlier publication, Yanagisawa [51] had confirmed that high-temperature
superconductivity is a strongly correlated electron system. He had shown that the
strength of Coulomb interaction U in quantum Monte Carlo calculations in a 2D
Hubbard model is not large. Instead, he focused on the simplest wave function of
superconducting state with strong electron correlations, the Gutzwiller-projected
BCS wave function:

Unes -6 = Po [ [(m+ w oy <) 10) (4.44)
k

Yanagisawa calculated the order parameter A which is treated as a variational
parameter. The wave function Ypcs—g is, in fact, the wave function proposed by
Anderson for the resonating valence bond (RVB) state [22]. Using the variational
Monte Carlo method in the two-dimensional Hubbard model, the author showed that
the ground-state energy has a minimum at finite A for the BCS-Gutzwiller wave
function which has the d-wave symmetry. Setting the transfer integral 7 at 0.5 eV, the
value of the superconducting condensation energy per site in the limit of large size
system turned out to be

Econd/N ==0.2 meV (445)

These results are similar to those reported earlier by Yanagisawa et al. [52] for
three-band d-p model. The condensation energy per atom turns out to be of the order
of 10~ meV confirming the role of Coulomb repulsive interaction in pair formation.
The value of superconducting condensation energy for YBCO as calculated from the
specific heat and critical magnetic field data comes out to be 0.17-0.26 meV per Cu
atom which is close to the experimental value. This match between the theoretical
and experimental values is indeed very significant and strengthens the concept that
strong electron correlation and the 2D Hubbard model explain the essential features
of the high-T, curates remarkably well.

The optimization Monte Carlo method in two-dimensional Hubbard model leads
to superconducting state [48] which becomes stable when the Coulomb interaction U
is large, of the order of the bandwidth. Figure 4.8 shows the variation of the ground-
state energy with superconducting gap A [48] for the optimized wave function ;
for the Hubbard model on a 10 x 10 lattice with U/t = 18 and # = 0. The electron
density n. has been kept 0.88.

Figure 4.9 shows the superconducting (SC) and antiferromagnetic (AF) order
parameters as a function of the Coulomb interaction strength U. The AF order param-
eter shows a peak at U/t ~ 10 which is of the order of the bandwidth, whereas the
SC order parameter has a peak at U, which is greater than the bandwidth. This
gives a strong indication that superconductivity in HT'S occurs in strongly correlated
region. The AF correlation has a maximum at a critical value, U, and decreases as
U increases beyond U.. The gap functions of AF and SC states as a function of U
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Fig. 4.8 Variation of
ground-state energy with
superconducting gap
parameter, A, for the
optimized wave function
for the Hubbard model on a
10 x 10 lattice with U/t =
18 and 7 = 0. The electron
density, n, = 0.88. [48].
Open access under the
Creative Commons
Attribution license
Yanagasawa, Condense
Matter, 4, 57 (2019), https://
doi.org/10.3390/condmat40
20057

Fig. 4.9 Plots of AF and SC
order parameters as a
function of U/t when N, =
0.88 for the 2D Hubbard
model on a 10 x 10 lattice.
AF(G) is the curve obtained
for the simple Gutzwiller
function [48]. Open access
under the Creative Commons
Attribution license
Yanagasawa, Condense
Matter, 4, 57 (2019), https://
doi.org/10.3390/condmat40
20057

Ground State Energy E/N

AF and SC Order Parameters A

151

05 T T T T
U=18t
0.505 n.=0.88
051
@
0515 N ‘ ¢
- *_ *
052 1 A 1 i
0 0.02 0.04 006 008 0.1
SC Gap Parameter A
04 T T T T
03} ...u . .
a AF(G)
© -
02 F .
=
’ e
s a AF T
01} ™ a 4
n
®
n ® T,
° ‘. a
p --.o
0l e 4 L L
0 5 10 15 20 25
U/t

for the 2D Hubbard model are shown in Fig. 4.10. Evidently, there is a crossover
between the AF and the SC states as one moves from a weakly correlated region
to the strongly correlated region. The superconducting state dominates as the AF
correlations are suppressed in the strongly correlated region. Thus, high-temperature
superconductivity is favoured in the strongly correlated region where the Coulomb
interaction strength U is larger than the bandwidth D.
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Fig. 4.10 Gap functions of
AF and SC states as a
function of Coulomb
interaction strength, U for
the 2D Hubbard model [48].
Open access under the
Creative Commons
Attribution license
Yanagasawa, Condense
Matter, 4, 57 (2019), https://
doi.org/10.3390/condmat40
20057
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Yanagisawa [48] also worked out the phase diagram when holes are doped in the
CuO; layer. The lowering of energy AFE is evaluated as

AE = E(A =0) — E(Amin)

(4.46)

where E(A) takes a minimum at A = A;,. The condensation energy per site AE/N
as a function of the hole doping x is plotted in Fig. 4.11 for U/t = 18 and ty =

Fig. 4.11 Phase diagram
showing condensation
energy per site for the 2D
Hubbard model as a function
of the hole doping on a 10 x
10 lattice, to =0 and U/t =
18. AFI—antiferromagnetic
insulating state, SC—d-wave
SC phase and
AF-SC—coexistent state
[48]. Open access under the
Creative Commons
Attribution license
Yanagasawa, Condense
Matter, 4, 57 (2019), https://
doi.org/10.3390/condmat40
20057
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0. We see three distinct phases in this phase diagram, namely an antiferromagnetic
insulator (AFI) phase, a coexistent (AFSC) phase and a superconducting (SC) phase.
The pure d-wave state is stable for x > 0.09 where the high-7, phase, going up to
room temperature, is possible. The phase diagram also shows the coexistence of an
AF phase and the SC phase. In the underdoped region, 0.06 < x < 0.08-0.09, both
the AF phase and the SC phase coexist. There is a transition at the AFSC-SC phase
boundary (Fig. 4.11). The antiferromagnetic insulating (AFI) state exists near half-
filling (x < 0.06) because the doped holes form clusters which are localized and thus
do not conduct. This AFI phase is closely related to phase separation [53] when the
hole density is very low.

4.6.6 Three-Band d-p Model

In three-band d-p model, the AF correlations are strong, and the AF state is more
stable than in the single-band Hubbard model, d-electrons being localized and can
magnetically order easily [54]. For the occurrence of high-temperature superconduc-
tivity in the d-p model, one has to look for regions of weak AF order. The strength
of the AF correlations in the d-p model is controlled by factors such as the Coulomb
repulsion between d-electrons, Uy, the level difference, Ad, = &, — &4, and the
hole density, x. The Ug — Ag, phase diagram showing AF, PM and on-site attrac-
tive regions in a d-p model for a hole density x = 0.1875 is shown in Fig. 4.12.
High-temperature superconductivity should appear near the boundary between the
antiferromagnetic (AFM) and paramagnetic (PM) metal regions when Agp is small.
Yet one more region the ‘on-site attractive region’ exists for large Ay, where two
d-electrons prefer to occupy the same site. It is this region where a charge-density
wave or an s-wave superconducting state will occur.

Fig. 412 U4 — Agp phase 1z -
diagram showing
antiferromagnetic (AFM),
paramagnetic (PM) metal
regions and ‘on-site
attractive region’ in a
three-band d-p model [48].
Open access under the
Creative Commons
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We can draw the following inferences from the discussion above:

1. Superconductivity in high-T; cuprates can be explained on the basis of strong
correlation between electrons.

2. The phase diagrams for the 2D Hubbard model and the three-band d-p model
display the characteristic properties of cuprate superconductors.

3. The electron-pair formation must be due to the strong on-site repulsive
Coulomb interaction.

4.  The SC phase exists near the AF phase.

5. The AF phase and the SC phase coexist for a hole concentration 0.06 < x <
0.09. This coexistence may be related to the anomalous metallic behaviour in
the underdoped region.

6.  The AF phase near half-filling (x < 0.06) is insulating.

7. For x > x4, there is a pure d-wave phase.

8. High-temperature superconductivity in the d-p model occurs in the region of
weak AF order.

9.  The strength of the AF correlations in the d-p model is controlled by factors
such as the Coulomb repulsion between d-electrons, Uy, the level difference,
Agp = &p — &4, and the hole density, x.

10. High-temperature superconductivity in d-p model is more likely to occur near
the AF-PM boundary when the level difference Ay is small.

11. The crossover between weakly correlated region and the strongly correlated
region appears to be universal in several other correlated systems.

4.7 Theories of Newly Emerged Superconductors

While the theorists were still struggling to reach a consensus over the mechanism
of pair formation in HTS, superconductors of different varieties were discovered in
quick succession. Prominent among them were MgB, discovered in 2001 and iron-
based superconductors discovered in 2008. Efforts to understand the mechanism
of superconductivity in these materials were made afresh on the basis of the huge
experimental data collected on these materials. Below we discuss briefly the theories
proposed to explain the occurrence of superconductivity in these materials.

4.7.1 Theory of Superconductivity in MgB;

The discovery of superconductivity in MgB, in 2001 with highest 7 (39 K) among
the inter-metallic compounds broke the BCS limit first time. This raised an important
question whether the high 7. in this new system can be understood within the frame-
work of the conventional BCS theory or a new non-phonon mechanism is responsible
for the pair formation. Measurements on isotope effect, de Haas-van Alphen (dHvA)
effect, Raman scattering, inelastic neutron (INS) and X-ray scattering (IXS) on MgB,
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were carried out at many centres because these parameters give reliable information
about the role of phonons in superconducting pairing. Phonon density of states (DOS)
and phonon dispersion curve in MgB, have been studied in detail. The calculations of
the electron—phonon coupling constant reveal strong coupling of the electron to the
E», optical phonon, while the interaction with other three modes, namely E1y, Aoy,
and By, is very weak [55]. These four optical phonon modes with arrows pointing
the direction of atom vibration are shown in Fig. 4.13. Crucial support for strong elec-
tron—phonon interaction came from the isotope effect observed in MgB, (Fig. 3.26
in Chap. 3). The isotop effect in MgB, [56] shows that T, increases by about 1 K
when !B is replaced by 'B. The isotope effect follows the relation T, oc M~ with
exponent o = 0.26(3) for MgB,.

The value of isotope effect coefficient, a, for Boron calculated based on BCS
theory comes out to be 0.30(1) [57]. For Mg, the value of the coefficient is quite
small = 0.02(1). These results confirm that mostly B phonons are involved in super-
conducting pairing and Mg phonons contributing very little to it. Further, the isotope
coefficient value ¢ = 0.03 observed in MgB, is smaller than 0.5 observed in pure
metallic superconductors like Hg, Pb and Sn indicates that MgB, is a intermediate

Fig. 4.13 Calculated four distinct optical phonon modes in MgB,. 1. Ey (in-plane B and Mg
displacement, 4042 meV). 2. Ay, (out-of-plane B and Mg displacements, 48-52 meV). 3. Exg (B
in-plane bond stretching, 58-82 meV). 4. Bg (B out-of-plane bond bending, 84-86 meV). Arrows
show the direction of atom vibration [55]. Open access under the Creative Commons Attribution
license. T. Muranaka and J. Akimitsu, Z. Kristallogr. 226, 385 (2011), https://doi.org/10.1524/zkri.
2011.1384


https://doi.org/10.1524/zkri.2011.1384

156 4 A Review of Theories of Superconductivity

to strong coupling superconductor. The low value of the isotope effect coefficient
could be due to the complex material properties and would require a larger electron
phonon coupling constant, A and larger repulsive electro-electron ineraction param-
eter 1* than found in most simple superconductors. The most unusual feature of
MgB,, discussed in Chap. 3, is that it has two energy gaps at 1.8 and 6.8 meV as
also confirmed by specific heat data and direct measurement by ARPES technique.
With these two gaps (on 2D o-band and 3D m-band), MgB, is now recognized as
the first superconductor containing intrinsic multigaps. Band structure calculations
and MEM density reveal that MgB, is metallic through electron transfer from 7
bands (pz orbitals) to in-plane o bands (pxy orbitals). Superconductivity in MgB,
predominantly occurs in o bands, though both 7 and o bands contribute to it. The
electronic specific heat of a polycrystalline MgB, sample plotted as AC,/T against
temperature [58] shows a shoulder at around 8 K in zero field is a clear indication
of a second (smaller 1.8 meV) energy gap. This specific heat peak nearly disappears
as the field strength is increased. The sharp drop of specific heat at T, matches with
BCS curve closely, but the shoulder at ~ 8 K deviates from the BCS curve. This
unusual behaviour is thought to be a consequence of the anisotropic band structure
of MgB,.

Two main bands cross the Fermi level. The 7 band consists of electrons and holes
in the 3D band (~ 56% of total DOS), and the ¢ band consists of holes in the 2D band
(~44% of total DOS). These two types of carriers induce two energy gaps at 0 K, 2A
= 1.8 meV and 2A, = 6.8 meV, and both the gaps disappear at T,. These values are
in good agreement with band structure calculations and direct measurement of the
gaps by ARPES. BCS theory thus explains well the occurrence of superconductivity
in MgB,.

4.7.2 Theory of Iron-Based Superconductors (IBSC)

The discovery of iron-based superconductors (IBSC) by kamihara et al. [59] in 2008
generated unprecedented interest in superconductivity community because of their
great potential for applications. These superconductors have high 7. and very high
B, values. For example, the compound SmFeAsOy gsFy 15 has a 7. = 53.5 K and
B = 150 T and NdFeAsOg94Fo 06 7. = 50.5 K and B,; = 204 T. Many reviews
have appeared on a variety of studies and theories of IBSCs. See, for example, a
comprehensive review by Bang and Stewart [60] and several references therein. These
IBSCs are diverse groups like pnictides, chalcogenides, inter-metallics and oxides.
Each group has its own distinct features even though some important properties in all
the groups are quite similar. It was felt that these materials might be less complicated
than the cuprates because they are less strongly correlated. They, however, turned out
to be more complicated because they turned out to be multiband systems. Explanation
for superconductivity in IBSC needs expertise in electronic structure theory as well
as phenomenology and microscopic modelling. Various viewpoints and theories for
pair mechanisms have been proposed since 2008, but a consensus has not been built



4.7 Theories of Newly Emerged Superconductors 157

up. Hirschfeld and co-workers [61, 62] have been working very actively to resolve
the problem related to the pairing mechanism operating in IBSCs.

Hirschfeld in his 2016 review [62] has discussed theoretical concepts and exper-
imental results vis-a-vis the gap structure and symmetry of the Fe-based supercon-
ductors. It is possible in this system to influence the interactions by small changes in
pressure, doping or the disorder. Interactions underlying IBSCs can thus be under-
stood by monitoring order parameter by changing these parameters. The spin fluc-
tuation pairing theory assumes that the repulsive Coulomb interaction produces this
effective interaction proportional to magnetic susceptibility. The Hirschfeld group
performed random phase approximation (RPA) calculations of the magnetic suscep-
tibility and pairing interaction within a 5-band model. They also took Hubbard and
Hund’s rule interactions on each Fe site into account and discussed the results of their
calculations for different band structures, doping and different interaction strengths.
They report an anisotropic, sign-changing s-wave state and a d-state to be almost
degenerate because of the near nesting of cylindrical Fermi surface sheets. They had
considered a 5-band model based on the density functional theory (DFT) calcula-
tions of Cao et al. [63] yielding the Fermi surface. For undoped systems, the peak
is observed in (g, w) at (;r, 0) in the reduced Brillouin zone. On the other hand, for
finite doping, Hund’s rule coupling becomes incommensurate which might give rise
to phenomena like order parameter collective modes.

The existence of spin-singlet sign-changing s-wave superconducting gaps on
multibands (s*-wave state) is supported by a variety of experiments [60]. This multi-
band s*-wave state is a very unique gap state displaying many interesting supercon-
ducting properties. Curiously, these properties can easily be mistaken as evidence
for a nodal gap state such as a d-wave gap, on the basis of a single type of exper-
imental probe. However, enough experimental evidence has been found to confirm
that all nodal gap conceived in IBSCs have multiple s-wave full gaps, but often
exhibit nodal gap-like behaviours in different superconducting properties which is
in tune with the basic s+-wave pairing state. Identifying the gap symmetry and gap
function certainly helps in finding a correct theory, but it does not identify the pairing
mechanism which is only a concept and can only be verified through circumstantial
experimental evidence.

At the moment, a non-phononic BCS pairing mechanism for the IBSCs is not a
very exciting idea, but at least it is very much consistent with the s &+ -wave pairing
model. Thus, we find that the picture of s* superconducting states formed by (i,
0) spin fluctuations was quite intuitive. Notwithstanding this partial success, much
higher 7. (= 60-100 K) found in the monolayer of heavily electron-doped iron
selenide (HEDIS), FeSe/SrTiO; [64] has added a new dimension to the problem
of understanding superconductivity of IBSCs. Serious attempts have been made to
investigate the pairing mechanism and to find if SrTiO; also plays a role [65, 66].
The discovery of newer and different classes of IBSCs, which continues to take
place at regular intervals, poses even bigger challenge to build a theory explaining
superconductivity in this diverse group of materials.
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4.7.3 Superconductivity in Sulphur Hydride (H3S)

Very interestingly, newly discovered superconductor, sulphur hydride (H3S) with
record T, = 203 K has been found to be a typical BCS superconductor. High T
has been well accounted by the BCS theory with high-frequency optical phonons
mediating in pair formation. Gorkov and Kresin [67] believe that superconductivity
in sulphur hydrides is caused by the electron—phonon interaction, but it differs from
that in the conventional superconductors in many ways. The phonon spectrum of
sulphur hydride is quite broad, up to 200 meV and structurally quite complex. Sulphur
hydrides show remarkable presence of strong electron—phonon coupling together
with high-frequency optical phonons. Superconductivity occurs in H3S mainly due
to strong coupling between electrons and high-frequency optical modes, although
the acoustic phonons also do take part. Superconductivity can be anticipated at even
higher temperatures as long as Migdal adiabaticity criterion is not violated. Gorkov
and Kresin obtained an analytical expression for 7, by generalizing the standard
treatment of the phonon mechanism by employing two coupling constants Ay and
Aac together with appropriate frequencies. The expression for 7. can be written as

A 1
T,=|142—= — (4.47)
Aopt—p* 1 4 s

Taking T, = T + AT and Tc0 =7 and assuming ATH < TCO.

Here, 6 is the Debye temperature roughly the characteristic phonon frequency, A
is the electron—phonon coupling parameter, and p* is the Coulomb pseudo-potential
which characterizes the direct electron—electron repulsion, pu* being ~ 0.1-0.15.
Further, these hydrides display isotope effect which is different from the conventional
superconductors. The isotope coefficients in sulphur hydride and sulphur deutride
vary with the pressure which is a reflection of the relative contributions of the two
phonon modes. They argued that the rise in 7;. from 120 K up to 200 K over a narrow
pressure interval near 150 GPa is a sign of a first-order structural phase transition
into the high-T;. phase along with the appearance of additional small Fermi pockets.
Consequently, a two-gap structure appears which should be observable by tunneling
spectroscopy.

A unified theory capable of explaining superconductivity not only in diverse
groups of IBSCs but also in other exotic superconductors like cuprates and heavy
fermions is something which should be the dream of most of the theory groups. Will
the celebrated BCS theory triumph one day and explain superconductivity in all types
of superconductors after taking the peculiar structural parameters into account?
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Chapter 5 ®)
Conventional Practical Superconductors oo

Abstract All superconductors exhibit thermal and EM instabilities because of their
poor thermal conductivity and worst electrical conductivity in their normal state.
These instabilities lead to premature quench in superconducting magnets. To circum-
vent the problem, practical superconductors are produced in the form of fine filaments
in high conductivity copper matrix. Most popular superconductor Nb-Ti had been
produced this way by co-processing it with Cu and used universally up to a field of 8—
9T. To meet the stringent requirement of high J, and low AC losses for accelerator and
fusion reactor magnets, impressive improvements have been made in the production
techniques of Nb-Ti. Conductors with fine filaments 1-5 pm diameter cladded with
diffusion barriers, with low filament spacing to dia. ratio (~ 0.15), resistive matrix
to reduce filament coupling and low fraction of Cu have been produced. Conductors
carrying large J. of 50-70 kA in Rutherford and cable-in-conduit conductor (CICC)
configuration have been produced. For future accelerators and fusion reactors, high-
field A-15 Nb3Sn superconductor cables with high J. have been produced by bronze
technique, internal tin (IT) method, improved distributed tin (DT) method, RRP and
the jelly roll (JR) methods. The DT technique has yielded Nb3;Sn wire with 2-3 pm
filament dia. with J, = 10° A/cm? (12 T, 4.2 K) and AC loss = 300 kJ/m? (£ 3 T,
4.2 K) suitable for ITER application. JAERI has produced CICC NbsAl cable by JR
technique, which produces a field of 13 T at a current of 46 kA. NRIM, KEK and
FNAL have jointly developed Nb3Al Rutherford cable (14 x 1.84 mm) using 27
strands prepared by the so-called rapid heating quench technique (JR-RHQT) for the
luminosity upgradation of the LHC. V3Ga conductors too are being developed by
PIT technique for the future DEMO fusion power reactor to take care of the induced
radioactivity by the 14 MeV neutrons released by the D + T reaction.

5.1 Superconductors Useful for Magnet Application

Even before the discovery of the high-temperature superconductors or the so-called
cuprate superconductors, over two thousand conventional metallic superconductors
were known to us, yet precisely only three superconductors, namely Nb-Ti, Nb;Sn
and V3;Ga were produced commercially during 1970s and 1980s. The latter two
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superconductors belong to A-15 class of crystal structure and are extremely brittle.
In the later years, even the commercial production of V3Ga stopped in favour of
Nb3Sn. There are several other superconductors mostly belonging to A-15 class
which hold promise to become available for applications in future, as they have high
values of B.; and J.. Their inability to be fabricated in desired multifilamentary form
remains a hurdle. These superconductors are listed in Table 5.1. The upper critical
field (B¢,) of some of these potential superconducting alloys and compounds is quite
high and is plotted [1] in Fig. 5.1. Materials are available with B, as high as 60 T
(Gdy,PbMogSs) only if the techniques are developed to produce them in long length

Table 5.1 High-field superconducting materials having potential for technological applications

Material Crystal structure | 7, (K) | B2 (T)at42K | J. (A cm~2) at4.2 K at B (T)
Nb-Zr A-2 9.5 11 1 x 10* (6 T)
Nb-Ti A-2 9.3 11 1 x 10° (7 T)
NbsSn A-15 18.3 23 2 x 10* (20 T)
Nb3Al A-15 18.9 32 1.5 x 10* (16 T)
Nb3(ALGe) |A-15 20.5 41 1 x10*(12T)
Nb3Ga A-15 20.3 34

Nb3Ge A-15 23.2 37 1 x10°217T)
V3Si A-15 17.0 23.5 1 x 103 (10T)
V3Ga A-15 15.2 23 1x10° (20 T)
V,(Hf,Zr) C-15 10.1 23 3 x 10° (6 T)

Fig. 5.1 Upper critical field
B, versus temperature plots 60
of potential superconductors
for applications. Highest B>
(60 T) is for Cheveral phase

Gdy ,PbMogS,
50

compound Gdg2PbMogSg
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Fig. 5.2 J. versus B plots for the three commercial superconductors, namely ductile Nb-Ti, Nb3Sn
and V3Ga. The last two superconductors are highly brittle inter-metallic compounds

and in multifilamentary configuration. Predictably, one of these materials, Nb3 Al has
been recently produced by the NIMS (earlier called National Institute for Materials,
NRIM) in Japan. Figure 5.2 shows the J. versus B plots for these three commercial
materials. Clearly, Nb-Ti superconductor is the obvious choice for field production
up to 9 T. Since Nb-Ti is a ductile alloy and easy to be manufactured, it has been the
workhorse so far in entire electro-technical applications, laboratory magnets, particle
accelerators and fusion reactors. However, wherever the field requirement is in excess
of 9 T one had to switch over to either Nb3;Sn or V3Ga, both belonging to A-15 family
of superconductors. We will discuss this class of materials separately in subsequent
sections. Between these two materials, V3Ga was traditionally considered a superior
material for high-field application. The reason being that the value of y (ratio of
specific heats) for V3Ga is 3.04 much higher than the corresponding value of 1.42
for Nb3Sn, and since J. is proportional to J/%(TC — T)%, the J;. of V3Ga tends to
be roughly twice the J. for Nb3Sn. However, since the T;. for V3Ga is little lower
(15.2 K) than for Nb3Sn (18.2 K), there is a crossover in the J.—B plots for the two
industrial superconductors in a field region of ~ 12 T. This crossover is shown by the
dotted lines for the two superconductors in Fig. 5.2. Great improvement in J. has,
however, been achieved for Nb;Sn over the years, and it is now routinely used for
field production up to 20 T. The solid curves for the two materials are the improved J,
values achieved through elemental additions and the microstructural control. Nb3Sn
being significantly cheaper than V3;Gabecomes the material of choice for applications
in high-field magnets.

Why out of thousands of known superconductors only three superconductors have
been produced on an industrial scale, is a pertinent question. There are stringent
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conditions to be met while fabricating these superconductors in wire and cable form.
These so-called industrial superconductors are to be fabricated in the form of wires
consisting of a large number of very fine superconducting filaments embedded in a
high conductivity material like copper. These wires are then twisted and transposed to
make cables. Co-processing of high-field brittle A-15 superconductors with copper
becomes a challenge. Fine size filaments and conducting matrix are essential to
counter the problem of the thermal and electromagnetic instability of superconductors
caused by their peculiar properties. We will discuss this topic a bit in detail in the
following section.

5.2 Thermal and Electromagnetic Instability
Problem—The Multifilamentary Superconductors

All superconductors are poor conductors of heat because Cooper pairs do not trans-
port entropy and worst conductor of electricity in their normal state (above T;) as
most type II superconductors are either alloys or compounds. As shown in Table 5.2,
the electrical resistivity of a pure metal like copper is 3—4 orders of magnitude smaller
than a superconductor in its normal state, and the thermal conductivity of a normal
conductor is about three orders of magnitude larger than of a superconductor. The
table also shows that the magnetic diffusivity in a superconductor is 3—4 orders
of magnitude higher than in a normal metal, while the thermal diffusivity in normal
metal is 3—4 orders of magnitude higher than that in a superconductor. This, in simple
words, means that heat travels faster in a normal conductor than in a superconductor,
and magnetic flux travels faster in a superconductor than in a normal metal. The result
is that magnetic flux takes over a superconductor before the heat is dissipated away
to the surrounding. Under such a situation, the temperature of the superconductor
may rise above T, and the material may turn normal. This is termed as ‘quenching’.

Table 5.2 Typical thermal,

. ) Parameter Superconductor in Pure metal like
electrical and magnetic
normal state copper
parameters of copper and a
superconductor in its normal ~ Resistivity, p ~1073 to 107* ~1078
state (€2 cm)
Thermal ~1073 t0 1072 ~1-10
conductivity, A
(Wem™ ! K1
Heat capacity, S ~1073to 1072 ~1073
(Jem™3)
Thermal diffusivity, |~ 1 ~103-10*
Dy
Magnetic ~103-10* ~1
diffusivity, Dy
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5.2.1 Degradation and Flux Jump

Early magnets wound using superconducting wires quenched at current densities
significantly smaller than the values quoted based on short sample tests. This was
believed to be partly due to ‘flux jumps’ or the ‘premature quenching’. The flux jump
can be understood this way. Suppose, we apply a small magnetic field to a super-
conductor, surface screening currents will start flowing in a surface layer to protect
the superconductor against the flux penetration. Flux will, however, penetrate the
superconductor a small distance equal to the penetration depth A. The resulting heat
of magnetization will cause a small temperature increase in the superconductor by a
small amount, say ATj. This increase in temperature will bring down the screening
current density allowing an additional small field penetration and a further raise in
temperature, say by an amount AT,. If this temperature rise A7, is greater than
AT, further increase in magnetic field will raise the conductor temperature further
by a small amount say, ATz, and the process will continue until the superconductor
quenches to normal state. We refer it as ‘thermal runaway’ or ‘flux jump’. Let us
assume that AT, happens to be smaller than AT} and AT3 smaller than AT, the
material can be stabilized against flux jump. This can be achieved by either resorting
to

1. Adiabatic stability criterion or
2. Dynamic stability criterion.

Let us discuss these two criteria to stabilize a superconductor against flux jumps
in detail. Figure 5.3 shows the magnetic field penetration of a superconductor of
diameter 2a. Field penetration increases with increasing field strength, and at a
certain value Bp, the superconductor is fully penetrated. The energy stored by the
magnetization currents corresponding to this full penetration field Br is given by

Fig. 5.3 Field penetration of
a superconductor of the Ful
diameter 2a. Field Bp B Penetiation
corresponds to the full
penetration
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2
0= <? X 109) J2a? 5.1)
or

0 = (B§)/(24x - 10) (5.2)

Since B = %ch.

Itis, thus, seen from (5.1) that for a given value of J. the heat produced during field
penetration is proportional to the square of the thickness of the superconductor. This
simply means that if the dimension of the superconductor or the radius of the circular
wire is reduced to very fine filament size, the heat generated during the field sweep
can be reduced to a very small value, which can be absorbed by the superconductor
itself without a serious rise in temperature. This will fulfil the stability criterion of
AT; < AT, <« AT;. This is called the ‘adiabatic’ or the ‘intrinsic’ stability criterion
because it assumes that no heat escapes to the surrounding. Thus, if the wire diameter
is reduced by a factor of 10, the heat produced Q will be reduced by a factor of 100.

The other alternative technique to stabilize the superconductor against flux jumps
is to laminate a superconductor with a high conductivity material like copper. In such
a composite superconductor, the heat generated during field sweep is dissipated away
through copper. This is called the ‘dynamic’ stability criteria. Copper, in fact, not
only provides dynamic stability but also provides the cryostatic stability to the super-
conductor by working as a shunt resistance. In the event of a part of superconductor
turning normal (becoming highly resistive), the current will flow through the copper
shunt instead of the superconductor. How to realize these two stability criteria will
be discussed in the following sections.

5.2.2 The Adiabatic or Intrinsic Stability

Figure 5.4 shows a superconductor under an external magnetic field B. The super-
conductor is protected against flux penetration by the screening currents flowing
at a density of J, allowing a field penetration of x (cm). Let us see what happens
if a disturbance causes a small temperature rise A7) in the conductor. Following
sequence of events is likely to follow

1. The screening current density, J. will decrease by a small amount, say AJ,
given by

dJ.

AJ. = (d—T>AT1 (5.3)

2. This decrease in J; allows an extra flux penetration, say Ax, given by
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Magnetic Field —
Screening Current Density =——

wTh

0 X X+ AX
Field Penetration Depth ——
Fig. 5.4 Adiabatic stability criterion: the conductor dimensions are reduced such that the heat

generated due to field penetration is so small that it is absorbed by the conductor without a serious
rise in temperature

e ()
4 \ J. Je

3. This flux movement will generate heat AQ per unit volume given by

AQ = 10-%@) J/em® (5.5)

4. Since thermal diffusivity Dy in a superconductor is very small, this heat is
not likely to be dissipated away. Instead, the material itself under adiabatic
situation will absorb it. Thus, there will be a further rise in temperature, say
AT,, depending upon the heat capacity of the conductor and will be given by

AT, = TQ (5.6)
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where S is the heat capacity of the superconductor in J/cm3/K. Thermal runaway
will occur if AT, happens to be greater than AT;. The superconductor will, however,
remain stable in case AT; turns out smaller than AT). The system will then be stable
against small disturbances.

Taking the values of AT} and AT, from expressions (5.3) and (5.6), the condition
AT, < AT, for conductor stability against small disturbance/perturbation leads to

1
B < (12710'S JR)? (5.7)
Here
J.
JR= ———— (5.8)
—dJ./dT

Since B and J. are related through the relation

4
B = (E)ch (5.9)

Equation (5.7) can as well be written as follows:

310957\ / 1
x < <—R> (-) (5.10)
4 Je

In the above calculations, we have assumed a uniform distribution of energy
released by the flux motion, which is not likely to happen in an adiabatic process.
For a perfect adiabatic condition, the above two equations (5.7) and (5.10) will get
modified to

B < (x?1078J)""? (5.11)
and
(10°5J%) "2
D OR) 5.12
x < a7 ( )

If we assume typical values of S =2 x 1073, Jg ~4 and a J, value of 3 x 10> A cm ™2
for Nb-Ti, a wire of 24 pm dia. will be stable against flux jump. For larger diameter,
“flux jumps’ will occur before the full flux penetration of the superconductor.
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5.2.3 The Dynamic and Cryostatic Stability

Dynamical stability criterion is an alternate route to stabilize a superconductor by
laminating it with high conductivity material such as copper. Conditions get modified
when we consider composite of a superconductor and a conducting normal matrix.
This arrangement slows down the flux movement in the superconductor by reducing
the value of the magnetic diffusivity, Dy;. This slowdown of flux movement permits
time for most of the heat to escape from the superconductor to the surrounding via
thermal conduction through copper. The Dy will now be greater than the Dy, and
therefore energy dissipated by flux motion will distribute uniformly throughout the
composite. The current density will be the mean current density = A J.. (A being the
superconducting fraction). Similarly, the specific heat too will have to be averaged
out over the whole composite. When the flux penetration x is less than the half width
of the composite, the heat release will be distributed over the entire composite cross
section. This will reduce AT, by a fraction x/a (2a being the composite diameter)
and improve the stability of the composite. Copper lamination not only provides
dynamic stability but also provides cryostatic stability to the superconductor by way
of sharing the current in the event of the formation of a hot spot.

As shown in Fig. 5.5, the composite consists of alternate sheets of the super-
conductor and a normal matrix, usually copper for its excellent bonding properties
and high thermal conductivity. The superconductor sheet has a thickness of w (cm)
and constitutes a fraction A of the whole composite. Let the electrical resistivity
of copper be p (2 cm). The composite conductor (Fig. 5.5) is shielded against an
external magnetic field, B by the screening currents flowing at a mean current density
of Ag J. extending to a depth of x cm.

Cu Cu Cu Cu Cu
Sc Sc Sc Sc Sc Sc

|CU

Magnetic Field ——

b i i el

X X+ AX
Field Penetration ——

Fig. 5.5 Dynamic stability criterion: the composite now consists of alternate sheets of copper and
superconductor. Heat dissipates away via copper before the conductor turns normal
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We can again start from a disturbance say, an increase of temperature by AT} and
construct the following sequence of events

1. This increase in temperature AT will reduce the screening current J. by an
amount

dJ.
AJ. = AT; 5.13
c (dT) 1 ( )

2. This decrease in shielding current will allow further field penetration by a small
amount, say Ax given by

@) e
4 AsJe Je

3. The rate of heat release/cm? in the filament will be

a0 AQ
dt 1/2Tn

(5.15)

Here

AQ =10"%J.BAx/3 (5.16)

= (2N (2 517
() (2)a-n o

4. The effective resistivity being %) Assuming that there is no temperature

and

rise of the normal metal, the average temperature rise in the superconductor will
be

d 2
N A (5.18)
dr ) 12k,

where k; is the thermal conductivity of the superconductorin W cm~' K~!. According
to our stability criterion, AT, < AT, we combine (5.13) and (5.18) and obtain
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B < 12(JRk‘Y><x)2,\S(1 — ) (5.19)
0

w

Here Jr = same as in (5.8).

Je
~4J. /T
Since B = () AsJex (5.19) can as well be written as follows:

G e

Taking typical values of parameters for Nb-Ti superconductor, Jg = 4, J. ~ 3
x 10° (A em™2), ks ~ 1072 W em™' K1), p ~2 x 1078 (2 cm) and A, ~ 0.5,
we find that a wire 40 wm in diameter will be stable. Lower A¢ values, that is,
larger copper fraction will lead to larger filament diameter. For example for Ay =
0.3, a filament diameter of 55 wm can be tolerated if one goes by the dynamical
stability criterion. It is, however, advisable that the filament diameter be chosen
as per the adiabatic stability criterion so that individual filaments are intrinsically
stabilized. If we exceed the diameter given by (5.12), there is a danger that local
instabilities may occur within the individual filaments or the superconducting layer
which may not be sufficiently damped by the copper lamination if the bonding is
not perfect. Further, our assumption of temperature rise only in the superconducting
part may not be valid. The conduction paths in a composite system in fact are quite
complicated, as the composite not only involves superconductor and the cladding
metal but other components like electrical insulation, inter-layer and potting material.
Notwithstanding these limitations, above equations have served admirably well for
the design and the production of industrial multifilamentary superconductors capable
of transporting large currents and used in DC applications. Filament diameter of the
commercial wires ranges from 5 to 50 wm depending upon the application. For AC
applications, the filament diameter is kept much smaller in the range of 1-10 pm.
Wilson [2] has published a good review on Nb-Ti conductors with low AC and eddy
current losses.

5.2.4 Multifilamentary Superconducting Wires

From the above discussion, we can conclude that a practical superconductor has to be
manufactured in the form of fine filaments of a few micron size. However, all practical
superconductors are required to carry large current, and since a single filament can
carry only a very small current, a superconducting wire should have a bundle of such
fine filaments. The best way to produce such a material on an industrial scale is to
combine both the stability criteria. Thus, the practical way to produce the material
is in the form of a large number of filaments embedded in pure copper.



172 5 Conventional Practical Superconductors

Figure 5.6 shows the schematic of the manufacturing process for stabilized Cu/Nb-
Ti superconducting wires. The Nb-Ti alloy happens to be ductile enough to be co-
processed with copper. The process for manufacturing the composite copper/Nb-Ti
wires can briefly be described this way. The Nb-Ti composition is roughly 50:50 with
Ti concentration varying from 47% to 56 wt%. The Nb-Ti alloy is usually prepared
by arc melting or the electron beam melting technique under controlled metallurgical
conditions yielding mass with desired microstructure and ductility. The alloy ingot
is extruded and hot rolled into thick rods of a few cm diameter depending upon the
dimensions of the composite billet needed to produce required length of the wire.
These rods are annealed at about 1000 °C and quenched to room temperature. A
large number of these rods are inserted into the holes drilled in a large size copper
billet in a predetermined geometry. The billet ends are plugged with thick copper
lids, which are electron beam welded after proper evacuation. No trace of oxygen is
left.

The sealed billet is preheated and extruded at high temperature under inert atmo-
sphere. High temperature at this stage is needed to have good metallurgical bonding
between the superconducting rods and copper matrix. These billets can be massive
with large diameters and long lengths depending upon the required diameter and the
length of the conductor. Typical dimensions of a large billet could be as much as

Multi-core rod

Stacking of /
Wire drawing hexagonal rods
(7 ) |
L]
Twisting Spooling
2 P
W ‘ < Insulation ‘
-/ E——
Finished
MF wire

Fig. 5.6 Schematic diagram of the manufacturing process of a mutifilamentary composite
superconductor
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Fig. 5.7 Typical cross
section of a multifilamentary
wire with copper stabilizer

250 mm diameter and 800 mm length. For industrial production, a billet may weigh
as much as 250-300 kg. After hot extrusion, the billet takes the shape of a long
rod, which is then rolled to a hexagonal shape and cut into many pieces to prepare
another billet. Several of these hexagonal rods are packed together and inserted inside
a copper stabilizer tube. The new billet so prepared is evacuated and sealed as before
and cold extruded. This multicore rod is then rolled, swaged and drawn to wires
of desired size. This process can be repeated until one gets the required number of
filaments. A typical cross section of a multifilamentary wire is shown in Fig. 5.7.
The multifilamentary wire, thus, produced is suitably heat treated and twisted along
its axis to decouple the filaments in the metal matrix. We will deal with this issue
in the next section. The twisted wire is usually subjected to a series of heat treat-
ment and cold work schedule to introduce defects, which serve as flux pinning sites
and enhance J;. The twisted and annealed wire is finally insulated. For high-current
application, several of such wires (strands) are woven in the form of braids to counter
the self-field affects, yet to be discussed in the next section.

5.2.5 Twisting and Transposition of the Multifilamentary
Wires

The technique discussed above to produce multifilamentary superconducting wires
with filaments embedded in copper matrix looked as though the problem of flux
jumps has been solved once for all, but turned out to be not enough. Magnets wound
using multifilamentary wires practically behaved quite the same way as with using
the equivalent single solid core wire. These magnets too quenched prematurely. It
turned out that copper did provide dynamic stability to the superconductor but also
coupled the filaments electrically. In a static field, the composite superconductor
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is protected against flux inclusion by the surface shielding (magnetization) current
flowing along the surface of an individual filament. However, under the influence
of a rapidly changing magnetic field, enough voltage is induced which drives the
shielding currents from one filament to another across the copper (resistive) matrix.
Shielding current loops are formed (Fig. 5.8) occupying the whole of the composite
instead of confining to individual filaments. All the filaments are, thus, electrically
coupled, and the very purpose of having isolated fine filaments is defeated. On the
other hand, if the magnetic field increases sufficiently slowly, there will be very small
associated voltage and very little shielding current will cross the copper matrix.
Shielding current loops will, thus, form within the individual isolated filaments.
Based on these arguments, Smith et al. suggested that these composites should be
twisted along the axis so that the induced voltage changes the polarity with the period
of the twist. It has been pointed out that for a given field sweep B (= dB/dr), there
is a critical length of the composite conductor which allows all the current in the
filament to cross the matrix. Below this critical length, the shielding currents will
form a close loop within the filament. We can estimate this critical length, £, in the
following way. Let us consider two superconducting blocks of thickness ¢ (cm) each
separated by the normal matrix of width d and of resistivity p (€2 cm) as shown
in Fig. 5.8. The total length of the composite block is 2¢ (cm). A varying external
magnetic field B (Gauss/s) is applied along the z direction. Under steady state, let us
find out the critical length £. at which the induced voltage is large enough to allow
all the current to cross the matrix. Consider a small element dx at a distance x (cm)
from the mid-point. The critical length £, can be estimated mathematically like this:

1. The voltage across XY

B
=|— )(xd) 5.21)
( 108 )

Fig. 5.8 Critical length £ of iy 2¢ 2}
the wire in a composite of B/
two superconducting blocks / 4 sc
separated by a normal
matrix. Twisting the wire N
with a twist pitch smaller t [ - D Copper
than ¢, prevents the coupling v 2 <
of filaments across the matrix X of

d P A c sC

: [ % 2 N
X P
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2. Resistance across XY

pd
= — 5.22
zdx ( )
3. Current across XY
B [z
=—|—)xdx (5.23)
108\ p
Integrating current from O to £ and equating it to J.zt we get
4.  J.zt
¢, .
Jezt /B *)xd B (L= (5.24)
=] —|—-)Jxdx=— )| — .
¢ 108 \ p 108 )\ 2p
0
5. or

2 x 108pJ ¢

C=0= <—’°) (5.25)
B

For a multifilamentary system, J. in (5.25) is to be multiplied by a space factor,

A, the superconducting volume fraction. To account for fine size filaments, the right-

hand side of (5.25) is to be multiplied by a factor d/(d + ¢). Thus, the final equation

for ¢, gets modified to
2 x 108pJcAt d
0= . 5.26
= () (520

Thus, by substituting typical values for Cu/Nb-Ti composite, for the typical sweep
rate of B = 1 Tis, J. = 3 x 10° Alem?, A = 0.5 (d = t = 50 um), £ turns out
to be 30 mm for copper composites. A magnet built by untwisted superconductor
multifilamentary wire will show solid conductor behaviour and quench at low-current
value. However, if the composite conductor is twisted along its axis cutting effectively
the length equal to one quarter of the twist pitch, it behaves as a collection of isolated
filaments. For conductor length ¢ > £., transverse current equal to magnetization
currents crosses the matrix in a distance of £, at each end. If, however, the conductor
length ¢ < £, only a small fraction, of the current can cross the matrix, the remaining
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current is being confined to individual filament. A sweep rate range is, thus, specified
for a given multifilamentary composite superconductor by the manufacturer. Loss
or the magnetization of the composite conductor becomes smaller as the twist rate
is increased. Direct experimental confirmation of (5.25) and (5.26) came from the
magnetization and loss measurements carried out by Critchlow et al. [4]. These
authors made use of the expression for magnetization versus the field sweep rate for
a fixed twist pitch for a composite conductor given by Smith et al. [3], viz

=14 27 )3 (5.27)
- 412 ) B, '

(Ignoring the higher order terms).

Here M\ is the magnetization of the bare filament, and BC is the magnetic
sweep rate at which the effective length is equal to the critical length. Since B,
depends on the critical current density, above equation should be used for a constant
external magnetic field. Figure 5.9 gives the plots between the magnetization (M) and
field sweep B for Cu/Nb-Ti composite superconductor containing 121 strands each
0.009 mm (9 pm) dia. in a 0.2 mm copper matrix [4]. The plots qualitatively fit with
(5.27) and yield a value of right magnitude of the matrix resistivity. As seen from this
figure, magnetization is high for composite without twist that decreases as the twist
rate increases. For high pitch rate, the magnetization reduces to the bare filament
value, M. Magnets using twisted filamentary conductors and suitably impregnated

Fig.5.9 Plots of s
magnetization versus field Al Joe s
ramp rate plots at 1 T of a Mo twist
Cu/Nb-Ti wire with 121
strands each 0.009 mm dia.
in a 0.2 mm Cu matrix
composite [4]. With
permission of Elsevier
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performed as per the expectation. When large cross-sectional composite supercon-
ductors with much larger number of filaments, in multiple layers around the central
core, were developed, it was found that twisting was not enough and the conduc-
tors exhibited losses. This has been attributed to the ‘self-field effect’. The self-field
produced by the transport current causes unequal distribution of current across the
cross section of the MF wire. The outer layers of the filaments carry larger current
than the inner layers. Twisting does not eliminate the self-field effect, as the radial
positions of the filaments remain unaffected. Twisting proved to be effective only
for a single layer of filaments around the central core. In large cross-sectional wires,
self-field can be eliminated by transposing the wires/strands. High-current multifil-
amentary conductors are, thus, produced in braided form. A typical braded cable
flat rolled in a Rutherford style is shown in Fig. 5.10. Such cables are the stan-
dard conductors used for winding magnets for accelerators. A cable contains a large
number of strands; each strand contains thousands of Nb-Ti fine filaments. Several
of these strands are then braided into flat cables. The filament diameter for such
application is as small as 3 wm, and the cable has very low losses.

Figure 5.11 shows the cross sections of typical commercial superconductors.
Circular wires in the diameter range of 0.4—1 mm are routinely used for small DC
laboratory magnets. The square and rectangular conductors with large cross section
are used for large size magnets. Typical dimensions of the conductor are 2 mm? and
rectangular as 3.0 mm x 1.25 mm. Hollow conductors are used for the circulation of
supercritical helium for efficient cooling of the coil. Figure 5.12 shows a variety of
high-current multistrand cables manufactured by Europa Metalli (now KME), Italy,
for applications in accelerator and fusion reactor magnets. The cable is reinforced
with a stainless steel casing too, which provides mechanical strength for withstanding
large stresses during the operation of the magnets. Cooling channels are at times
provided within the conductor cross section. Cable-in-conduit conductor (CICC) is
a popular choice for toroidal magnets in fusion reactor.

(a) (b)

Fig. 5.10 a Sketch of a braded superconducting cable in Rutherford style. Each strand in the braid
contains thousands of superconducting filaments. b Photograph of a typical Rutherford cable. The
strands and the filaments are clearly visible. The strands are bradded around a central core and flat
rolled. Such cables have been used for magnets in accelerators
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Fig. 5.11 Typical squire cross-sectional commercial Nb-Ti superconductors with a central cooling
channel (left) and a rectangular superconductor with multifilamentary strands (right)

Fig. 5.12 Variety of high-current multifilamentary cables manufactured by Europa Metalli, Italy,
for specific applications in accelerator magnets and fusion reactors. From an old brochure of Europa
Metalli

5.3 Losses in Practical Superconductors

Mutifilamentary superconductors (filaments in copper matrix) did serve admirably
well for DC applications. Magnets large and small going up to record fields were built
and operated successfully. Problems cropped up when the magnets were ramped fast
or used for pulsed operation. Large dissipation was observed in these magnets when
used in circular accelerators, synchrotrons and magnet coils in fusion reactors. For
fields less than B, ideal homogeneous type II superconductors are loss free. So long
as the amplitude of the AC field stays below the value determined by the intrinsic
critical surface current densities, losses remain insignificant. In case the field exceeds
B.1, cyclical flux movement occurs inside the superconductor in its mixed state. This
flux flow causes AC losses inside the superconductor and eddy current losses in
the metal matrix. In a non-ideal real superconductor, these losses are much higher
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arising from flux pinning. Inhomogeneities are introduced in a superconductor to
create strong pinning sites, which pin the flux lines (vortices) effectively and lead to
high DC transport current density. The AC losses appear as heat and put excess load
on the cryogenic system.

Superconductors, exposed to changing magnetic field, experience energy loss of
various kind, which can broadly be categorized as follows:

Hysteresis losses

Filament coupling (intrastrand and inter-strand)
Proximity coupling losses

Eddy current losses

Self-field losses.

DAL=

Let us describe these losses a bit in detail.

5.3.1 Hysteresis Losses

Hysteresis losses in type II superconductors arise because of the irreversible nature
of the magnetization (Fig. 2.43b). In the mixed state (B, < B < B,,), the flux enters
a type II superconductor but does not leave it precisely in the same manner as it gets
pinned to the pining sites. The area enclosed by the cyclic M—B curve (Fig. 2.44)
represents the hysteresis loss per cycle. The vortices exit the material only when they
are depinned from the pinning sites. This movement of vortices in the material is
an irreversible dissipative process and generates heat. This dissipative heat increases
with the increase of the pining strength. Thus, a conductor with high critical current
has larger hysteresis losses too. The area of the hysteresis loop represents the amount
of heat produced in a full M—H cycle, provided no transport current is flowing, and
is given by:

Q=pofMdH (5.28)

The AC loss power Q (W/m?) in a semi-infinite wire of diameter ‘d” in a transverse
field turns out [2] to be

. . . 2d
Q=BM=BJ.— (5.29)
3r

Equation (5.29) tells us that Q can be minimized either by reducing the wire
diameter or by lowering J.. Since lowering J. is not a good proposition, the only
option available then is that we reduce the diameter of the round wire or the width
(L to field) of a rectangular tape. Filaments of diameter 5-10 pm have been found
optimum to keep the AC losses in Nb-Ti conductors small. Any field change which
does not depin the vortices from the pinning centres in the superconductor, will not
cause AC loss.
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5.3.2 Losses Due to Filament Coupling

Copper matrix though provides stability to the conductor but also couples the fila-
ments as the induced voltage during field ramping drives the magnetizing currents
from one filament to another across the matrix. This results in Joule heating. The
coupling between the intrastrand filaments is minimized by twisting the strand
with a pitch determined by the desired ramp rate as discussed in Sect. 5.2.5.
Further, the individual filaments are now routinely cladded with a diffusion barrier,
usually niobium that reduces filament coupling. Coupling between the filaments also
increases the eddy current loss. Exact computation of the inter-filamentary and inter-
strand coupling losses is difficult because of the non-uniform matrix resistivity and
the contact resistances between the filaments/strands and the matrix.

5.3.3 Proximity Coupling Losses

A new type of loss mechanism, proximity coupling loss, has been found in composite
conductors when Gregory [5] at Supercon reported a significant enhancement in J
of Nb-Ti by reducing the inter-filament separation to filament diameter ratio (S/D) to
0.15 without using the diffusion barrier. The losses were, however, found to be high.
This has been attributed to proximity coupling of the filaments. The magnetization
currents will flow through the filaments in one direction on one side of the wire and
flow back in reverse direction through the filaments on the other side of the wire
after crossing the normal matrix. The proximity coupling currents do not decay with
time like the eddy currents but flow persistently. It is, therefore, advisable to keep
the filament diameter large enough to avoid proximity coupling. Coupling currents
can be strongly diminished by the introduction of magnetic impurities in copper as
shown by Collings [6]. Best results have been obtained by adding Mn (0.5 wt%)
to the copper matrix. The addition of Mn can, however, degrade the stability of the
conductor and affect adversely the quench protection. Pure copper is, therefore, used
as the central core as well as the outer overlay which provides excellent stability.

5.3.4 Losses Due to Eddy Currents

Eddy currents are the surface loop currents induced in the conducting matrix by the
change in field and generate Joule heating. To calculate the eddy current losses, one
needs to have an estimate of the effective transverse resistivity across the matrix.
Duchateau et al. [7] have given a comprehensive treatment of the transverse resis-
tivity in complicated geometries. Losses due to eddy currents, generated during fast
charging and discharging of magnets, can be minimized by having a resistive matrix
like Cu-Ni matrix. As an example, the conductor which was intended to be used in
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Superconducting Super Collider (SSC) project (abandoned) had a design in which
each filament was encased in a Cu-Mn (0.6 wt%) shell and 199 of such filaments
were grouped in a cluster. Each cluster was jacketed in a copper matrix, and 114
of these clusters were enclosed in a copper jacket and drawn to 0.65 mm diameter
strand. The strand at the end of the drawing process had 22,686 filaments of diameter
of 2.6 wm with an inter-filamentary separation of 0.4 wm. As expected, the final wire
did not exhibit any significant proximity coupling effects.

5.3.5 Losses Due to Self-field Effect

Twisting proved inadequate when high-current conductors with large cross-sectional
composite superconductors with much larger number of filaments were produced.
Filaments in such conductors are configured across the cross section in concentric
multilayers around a central core. These conductors exhibited large losses caused by
self-field effect already discussed in Sect. 5.2.5. Twisting alone does not eliminate
the self-field effect because the radial positions of the filaments in a strand remain
unaffected in twisting. Smaller number (optimum) of filaments are, thus, recom-
mended to be kept in a strand. The optimum strand diameter kept for high-current
cables is about 0.8 mm. Self-field effects have been eliminated in practical high-
current multifilamentary conductors, produced in flat rolled braided Rutherford style
as shown in Fig. 5.10 and used in accelerators. Another important cable configuration
is the high-current cable-in-conduit conductor (CICC) used in most fusion reactors.
CICC conductors are hollow conductors, which allow the circulation of cooling fluid
(liquid helium or supercritical helium (@ 4.5 K) for efficient cooling of the coils.
We have already seen the variety of high-current cables in Fig. 5.12.

5.3.6 Losses Due to Transport Current

The transport current too contribute to the losses. The energy of the self-field comes
from the power supply used for the transport current. As the transport current
increases, the flux flow losses too increase. This is because more and more vortices
are depinned from the pinning sites, which start moving out. Self-field losses do
dominate in the initial stages but soon overtaken by the flux flow losses as the current
keeps increasing. The transport current losses dominate and become quite signifi-
cant. These losses can be reduced by choosing the right combination of current and
temperature.
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5.3.7 AC Losses in High Temperature Oxide Superconductors

Broadly, the sources of AC losses and the loss analysis techniques in HTS are same as
in conventional metallic conductors except that the HT'S have anisotropic critical field
and critical current density because of the 2D nature of the CuO, planes, which host
superconductivity. Thus, typical operating conditions like current and field parallel
or perpendicular to the Cu-O plane impact AC losses. Losses need to be calculated
for the two orientations of the HTS tape. HTS have some advantages too. Since HTS
are operated at higher temperature (20-77 K), they have higher specific heat which
enhances conductor stability and higher losses may be sustained.

Magnetization loss is mostly the hysteresis loss like in a single long filament.
Losses due to transport current arise even in the absence of the magnetic field. As
discussed earlier, an effective way to reduce the magnetization losses is to reduce the
size of the loop by subdividing the filaments, that is, by producing high 7, wires/tapes
in multifilamentary form in a silver matrix. This is, however, not enough for AC
use. The induced coupling current flows between the outer filaments through the
matrix, couples the filaments and increases the hysteresis losses again. The coupling
current generates Joule heating termed as the coupling loss. Twisting the filaments
reduces these losses, which are proportional to the square of the twist pitch. Thus, for
example, Sumitomo electric produced [8] commercial DI-BSCCO tapes (AC Type)
for AC applications by reducing the tape dimensions and twisting the filaments with
a twist pitch of 3 mm. Transport current losses comprise resistive loss, self-field
loss and dynamic resistance. All these losses in turn have two field components
corresponding to field parallel and perpendicular to tape width. The resistive loss
is found to be proportional to /™D where n is the quality factor of the tape, the
exponent in the /-V relation. The self-field loss component too depends on current
density being proportional to I* where k varies between 3 and 4. Dynamic resistance
loss too depends upon I varying as I2. Twisting does not affect the self-field losses.
The resistance loss can, however, reduce the dynamic resistive loss. Transport current
loss can best be reduced by operating the device at a lower current level and at a
reduced temperature but such a measure will increase the magnetization loss and
raise the cost. SuperPower quotes AC loss value for its transmission cable as low
as 0.36 W/kA/m. The material is quite popular and is increasingly used in power
applications.

Situation may be different in different devices, and the loss pattern will change.
Some models [9] have been developed and may be used for calculating different
components of the AC losses but not too accurately. Device design, conductor config-
uration, filament dimensions, matrix resistivity, orientation of the grains and several
other parameters discussed above play crucial role in AC loss estimation.
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5.4 AC Loss Measurement Methods

Measurement of AC losses in superconductors is important and has to be carried
out under situation in which it is going to be used in the device. Such situations are
to be simulated during the AC loss measurements. There are three popular methods
to measure AC losses, namely (1) electric method, (2) magnetization method and
(3) calorimetric method. All the three methods have advantages and disadvantages.
These methods are briefly described below.

5.4.1 Electric Method

This method is based upon the measurement of the voltage component, which is
in-phase with the current. Here one measures the voltage along the superconductor,
multiplies with the transport current and integrates over a full cycle. The influence
of external magnetic field on the transport current loss is easily detected by this
method. An alternating field, however, may induce spurious voltages, which have
to be accounted for, to estimate the transport current loss with reasonable accuracy.
This method has the advantage that it can measure different components of the losses
at all temperatures and takes care of the anisotropy effects unlike the calorimetric
method, which can measure only total loss, and at a fixed bath temperature such as
a42Kor77K.

5.4.2 Magnetization Method

Any change in magnetic field induces surface screening currents in the supercon-
ductor and causes magnetization losses. The energy dissipated by these screening
currents comes from the magnet power supply. Dissipation also occurs when a trans-
port current (AC or DC) flows through the superconductor. Magnetization method
measures the losses from the hysteresis loop in the magnetization curve of the super-
conductor by integrating signals from the pickup coils wound around the sample.
This ‘pickup coil and Hall probe method’ is most suitable for measuring magneti-
zation losses. A four point measuring technique using voltage taps is also a popular
technique for measuring transport current losses.

5.4.3 Calorimetric Method

In this method, one can measure the total AC losses, that is, the sum of the magneti-
zation loss and the transport current loss. In this method, the superconductor sample



184 5 Conventional Practical Superconductors

or the device is kept in a 77 K liquid nitrogen bath or a 4.2 K liquid helium bath,
and the quantity of the gas (N, or He) evaporated is measured. Alternatively, one can
measure the raise in temperature of the conductor sample. Though the calorimetric
method is relatively simple, yet it has many limitations and disadvantages. First, it
does not distinguish between the magnetization loss and the transport current loss.
Further, the temperature variation of the loss cannot be measured, as it needs a fixed
temperature bath such as liquid nitrogen or liquid helium bath. This method has low
sensitivity and cannot be used for small conductor samples. Since the heat of evapo-
ration of liquid nitrogen is high (200 kJ/kg) some ten times, the heat of evaporation
of liquid helium (21 kJ/kg) short samples of HTS conductor cannot be measured.
Small increase in the temperature of the sample makes this technique less sensitive
to power dissipation.

5.5 Practical Superconductors—The Ubiquitous Nb-Ti
Superconductor

The most versatile and pervading practical superconductor is the ductile multifil-
amentary Nb-Ti conductor discovered in 1961. Since then, the material has been
exclusively used for building magnets, small and big size producing field up to 9 T.
Great advancements have been made to enhance the critical current density, J.. of this
material. The design of the Nb-Ti cables has also been suitably altered and optimized
which enabled the production of the Nb-Ti cables with very low AC losses. This
made Nb-TI cables the material of choice for particle accelerators magnets exempli-
fied by Large Hadron Collider (LHC) and for fusion reactors magnets exemplified
by International Thermo-Nuclear Experimental Reactor (ITER).

5.5.1 Emergence of Nb-Ti as a Superconductor for Magnets

The superconductivity in Nb-Ti alloy system in the composition range of 50 at.
% was reported first time by Hulm and Blaugher [10] with a T, = 9 K. The first
9.2 T superconducting magnet using Nb-Ti wire was built at Westinghouse, USA,
by Coffey et al. [11]. The magnet was built in five sections. A background field of
> 5 T was produced using two outer coils of copper-coated Nb-Zr (25 at.%) wire,
and the inner three coils were wound using copper-coated Nb-Ti (56 at.%) wire.
The invention of copper-stabilized multifilamentary Cu/Nb-Ti composite wires and
cables in 1970s firmly established the monopoly of this cheap, ductile, lighter and
high-performing material for fields up to 9 T.
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5.5.2 The Phase Diagram of Nb-Ti

The relevant useful part of the Nb-Ti phase diagram [4] is reproduced in Fig. 5.13.
The useful composition of Nb-Ti is from 45 wt% to 56 wt% Ti. Composition with
47 wt% Ti has emerged as the most preferred material for commercial production. At
high temperature, only a single bce-(B) phase forms, whereas at lower temperatures
pure Ti- (o) phase is formed. In between these two limits, a mixture of both the phases
a and P exists. The phase boundaries shown are not stable, rather depend upon the
interstitial oxygen. Oxygen interstitials do enhance precipitation of a-phase, but if
oxygen exceeds 2000 ppm, it can lead to poor ductility. Heat treatment in the o
+ P phase region can cause precipitation of the metastable w phase in a very fine
structure. These precipitates can serve as excellent pinning sites but causes severe
work hardening, which makes the extrusion process rather difficult. Formation of
this phase should, therefore, be avoided. The starting material and the rate of cooling
determine the actual yields of the o and B phase materials. § phase is, however,
retained irrespective of the cooling rate if the Nb contents are greater than 50%.

This perhaps may be because the a-phase precipitation is too sluggish to occur
in the low-temperature region obtained by the extrapolation of the (B, a + B) phase
boundary. Further, the o phase precipitation can still be prevented in the 20-50% Nb
region by quenching the melt to room temperature to preserve f phase. However, as
the Nb contents are reduced o precipitation increases as the temperature is lowered.
The two vertical arrows indicate the two popular compositions (47 and 56 wt% Ti)
in Fig. 5.13. At 47% Ti, B, peaks [12] at 11.7 T but the 7, drops to 9 K from its
peak value of 9.68 K at a lower Ti concentration.

Fig. 5.13 Relevant part of
the Nb-Ti phase diagram [4]. 900
With permission of Elsevier
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5.5.3 Optimization of J. in Nb-Ti Wires

The detailed processing technique to produce multifilamentary conductors has
already been discussed in Sect. 5.2.4. For processing the material for wire/cable
production, Nb-Ti alloy is hot extruded and quenched to room temperature to retain
the B phase. It is, however, crucial that the microstructure of the material is suit-
ably controlled through the optimization of thermo-mechanical treatment of the final
product to have high value of the critical current density, J.. Cold working of the
material is known to produce dislocations, which have been found effective pinning
sites. Dislocation cell structure provides even more effective pinning in Nb-Ti as
revealed by critical current studies [13]. A dislocation network with a cellular struc-
ture has been observed in Nb-Ti cold worked to the extent of 99%. The average

separation between cell walls is of the order of a few hundred A. This dislocation
network provides more effective flux pinning. The X-ray and electron diffraction
data show the presence of only p phase. This confirms that under cold work condi-
tion the pinning is mainly caused by the dislocation cell structure and not by a or
o phase precipitations. Figure 5.14 shows the J. versus B data of a Nb-Ti alloy
containing 56 wt% Ti in cold-worked state as well as after annealing it at 375 °C

th
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Fig. 5.14 J.-B plots of Nb-Ti alloy containing 56 wt% Ti. Cold working leads to increased J..
Successive annealing (375 °C x 20 h) raises the J. to still higher values [4]. With permission from
Elsevier



5.5 Practical Superconductors—The Ubiquitous Nb-Ti Superconductor 187

2

Critical Current Density, J. (Alcm ) —

Cold work and
375°Cx 20 hr
annealing

Cold work
$1.50 only

4 | | |

1 2 3 4 5 6 7 8
Magnetic Field, B (T) —=

Fig. 5.15 J.-B plots of Nb-Ti alloy containing 45 wt% Ti. Cold working followed by annealing
(375 °C x 20 h) leads to enhanced J.. values [4]. With permission from Elsevier

for 20 h. Evidently, J.. increases with cold working and still more significantly after
annealing them. Similar effect has been observed in Nb-Ti wires containing 45 wt%
Ti (Fig. 5.15). Increase in J. value depends strongly on the degree of cold work
to which the wire was subjected. J. is higher for heavily cold-worked wires. The
increase in J, after heat treatment is believed to have been caused by a (pure Ti)
precipitation. This is confirmed by the X-ray and electron diffraction studies but
not by the electron micrographs. This would then mean that these precipitates are
very fine and nucleate at the dislocation cell walls. Intermediate annealing has been
found even more beneficial for Nb-Ti conductors. The conductor after annealing
treatment is cold worked to final size. Heat treatment causes some recovery and
cell rearrangement in the highly deformed material. Heat treatment also produces
a precipitation. If the material is deformed again, dislocations are produced which
form tangles around the precipitates and along the cell walls. The new structure leads
to even more effective pinning and higher J.. During the entire thermo-mechanical
process, care is, however, taken that the ductility of the composite is maintained
all through the processing. This intermediate heat treatment has been proven most
effective pinning process especially in high-field region. A J, = 10 A cm™2 (4.2 K,
6 T) is invariably achieved in practical MF Cu/Nb-Ti conductors.
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5.5.4 Developments in the Fabrication Process of MF
Cu/Nb-Ti Composite Conductors

By the end of 1970s, Nb-Ti was accepted as the best choice for magnet systems
designed to generate field below 10 T. The reason for this success was its extreme
ductility and the consequent ability to be produced in fine filamentary structure. The
challenge to this material came in early 1980s when strong interest grew in using
this material for pulse magnets for particle accelerators. The hysteretic AC losses
encountered in such applications turned out to be a big hurdle. The problem was,
however, surmounted by reducing the filament to 5-10 pm size. A filament of 5 wm
dia. is stable up to a ramp rate of 1 T/s. Losses can be greatly reduced by increasing
the ramp time and retaining the filament diameter to 5-10 pm range to reduce the
field errors caused by superconductor magnetization. This leads to high-quality field
shape in the accelerator dipole magnets. Since these wires were required to transport
several thousand of Ampere current, conductors were produced with thousands of
fine filaments. For small number of filaments conductor (up to few hundred), Nb-Ti
rods in copper tubes with outer hexagonal geometry are staked in an outer Cu-billet
tube and processed as described in Sect. 5.2.4. For several thousand filamentary
conductors, the hexagonal composite rod becomes very small and difficult to bundle
in desired geometry. In an alternate technique, to fabricate conductor with several
thousand filaments, a two-stage stacking process [14] has been followed involving
hexagonal staking at two stages of the billet assembly. Figure 5.16a shows the cross
section of a standard composite Cu/Nb-Ti conductor with 54 filaments, and Fig. 5.16b
shows a conductor with 8670 (102 x 85) filaments fabricated with double stacking
process. The conductor contains 102 strands, and each strand has 85 filaments [14].

(a) (b)

Fig. 5.16 a Standard composite Cu/Nb-Ti conductor with 54 filaments. b A conductor with 8670
(102 x 85) filaments fabricated with double stacking process [14]. Courtesy Helmut Krauth



5.5 Practical Superconductors—The Ubiquitous Nb-Ti Superconductor 189

The hysteretic AC loss problem becomes truly formidable in power engineering
where the devices operate at 50-60 Hz. Wires with 1 million filaments of 0.1 pm
dia. were developed but attempts to commercialize the technology failed on the
consideration of economics.

5.5.5 Use of Diffusion Barrier and Filament Spacing

While developing these high-current, tailor-made conductors, one drawback came to
the fore. As discussed in Sect. 5.2.4, one hot extrusion of the virgin billet is invariably
followed to have large area reduction ratio and good metallurgical bonding. This hot
extrusion and the successive heat treatments were found to lead to the formation of
Cu-Ti inter-metallic on the filament surface [14]. These hard particles cause sausages
of the filaments (varying dia. of the filaments along the length as shown in Fig. 5.17a)
and bring down the J; significantly. The problem is solved by using a Nb diffusion
barrier around each filament. This is achieved by preparing monocore Nb-Ti/Nb/Cu
composite rods for the initial stacking of the billet tube. The thickness of the Nb
barrier is such that down to the last diameter of the wire no Cu-Ti inter-metallic is
formed during the heat treatment. Figure 5.17b shows the uniformity of the filaments
achieved by the use of Nb barrier.

Another important factor affecting the J, in Nb-Ti conductors has been reported
by Gregory [5] at Supercon Inc., namely the filament spacing to diameter ratio (S/D).
A detailed analysis of the data on conductors from different manufacturers yielded
the result that the sausaging problem is far less in conductors having closely spaced
filaments. Supercon reports a J. = 2.3 x 10° A cm™? (4.2 K, 5 T) for S/D ratio

(a) (b)

Fig. 5.17 Problem of sausages of the Nb-Ti filaments solved by using Nb diffusion barrier around
each filament a Nb-Ti filaments with sausages caused by Cu-Ti inter-metallic particles. b Very
uniform Nb-Ti filaments when the filaments are covered by the Nb diffusion barrier [14]. Courtesy
Helmut Krauth
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of 0.24 without the use of Nb diffusion barrier. Supercon designed conductors for
Superconducting Super Collider (SSC, abandoned in 1990s) and Relativistic Heavy
Ion Collider (RHIC) with S/D ratio of 0.15 which carried a J, = 3.45 x 10°> A cm™2
with good uniformity of the filaments.

The disadvantage of having closely spaced filamentary conductor is that at low
filament diameter and low magnetic field, filaments get coupled as the Cooper
pairs tunnel through copper via the proximity effect. Supercon solved this coupling
problem by employing spin flip scattering by magnetic impurity like Mn, Fe and Cr,
which are known to possess a magnetic moment. In the first technique, 40% of the
spacing between the filaments is filled up with 70/30 Cu-Ni. The filaments remain
decoupled even when the filaments are spaced 0.3 pum apart without causing stability
or quench problem. This technique can work for all the filament diameters. In the
second technique, Supercon experimented with a matrix Cu-Mn (0.5 wt%) and found
filaments as small as 0.35 wm are completely decoupled. The presence of Mn can,
however, affect adversely the stability of the conductor and the quench protection.
In large billets, the effect will be minor because Cu-Mn is used only between the
filaments. The central part of the billet and outside the filaments is pure copper. By
carefully choosing proper design and combining the three constituents, viz Nb-Ti,
Cu-Mn and Cu in such a geometry and in right proportion so that the AC losses can
be cut down to the minimum without sacrificing the stability and the ductility of the
conductor.

5.5.6 Nb-Ti Cable-in-Conduit Conductors (CICC)

For upcoming fusion reactors like ITER where the current requirement is 70 kA,
cable-in-conduit conductors (CICC) type cable is considered most appropriate.
Magnets in fusion reactors are subjected to fast changes not only by the ramping of
the magnets but also by frequent plasma disruptions. Several wires containing large
number of fine filaments are twisted together to form strands, and several strands
are transposed around a central spiral for uniform current sharing in the cable. CICC
cables have several advantages over other geometries. Figure 5.18 is the cutaway
view of the cross section of a typical CICC cable containing Nb3Sn or Nb-Ti strands
cabled together with copper in a multistep process and jacketed in a structural SS
316 N shell used for TF/CS and PF coils of the ITER, respectively. The central
spiral and voids (about 30 vol.%) facilitate SHe or liquid helium flow for cooling the
magnets. The fabrication of the jacketed CICC Nb3Sn cables used in ITER will be
discussed further in Chap. 11 on fusion reactors.

The Nb-Ti superconductor, thus, continues to remain unrivalled as it has demon-
strated the ability to be drawn into filaments of sub-micron size and in the desired
filament configuration. State-of-the-art technologies have been developed for use in
magnets of the future accelerators and fusion reactors.
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Fig. 5.18 Cross section of
a typical CICC cable
containing NbzSn or Nb-Ti
strands cabled together with
copper and jacketed in a
structural SS shell used for
TF/CS and PF coils of the
ITER, respectively. The
central spiral and voids
facilitate SHe or liquid
helium flow for cooling the
magnets. Credit © ITER
Organization, http://www.
iter.org/

5.6 The Discovery of A-15 Nb3Sn Superconductor

Hardy and Hulm [15] discovered superconductivity in A-15 class of inter-metallic
compound in 1953. They reported, first time, superconductivity at 17 K in vanadium
silicide, V3Si, a compound with A-15 (8 — W) structure. Soon in 1954, Matthias
et al. [16] at Bell Laboratories reported superconductivity at still higher temperature
of 18 K in Nb3Sn. The inductive transition to superconductivity at 18 K in Nb3Sn as
reported first time by Matthias et al. is reproduced in Fig. 5.19. This was the highest
ever reported 7 value until then. Because of the large mismatch of the melting points
of Nb and Sn, the compound was prepared following a liquid diffusion process by
dipping the Nb sample into a molten Sn-bath kept at 1200 °C in a quartz tube.
Figure 5.20 is the Nb-Sn phase diagram taken from Charlesworth et al. [17].
Nb3Sn phase is stable rather over a wide range, 18-23 at.% of Sn. This gives enough
flexibility to prepare this material. Below 930 °C, however, low T;. phases like NbgSns
(T, =2.6K) and NbSn; (7. = 2.1 K) are formed which should be prevented by cooling
the ingot below 930 °C rather fast. Nb;Sn undergoes a phase transformation from
A-15 cubic phase to tetragonal phase below 43 K. NbsSn happens to be the highest 7
and B¢, material (Table 5.1) even among the A-15 superconductors which has been
produced in multifilamentary form. Some important superconducting parameters of
Nb3Sn are listed in Table 5.3. NbsSn is the most successful and in fact, the only
superconductor in use for field generation up to 20 T. It belongs to the family of A;B
type of inter-metallic compounds having a crystal structure of f-wolfram/Cr;Si or
the so-called A-15 class. In these compounds, A is a transition metal and B can be
either a transition metal or a non-transition metal. It has a cubic unit cell. Atoms
A (Nb) form chains along the faces of the cube, and the B-atoms (Sn) occupy the
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Fig. 5.19 Superconducting

transition in Nb3Sn as - Nb,Sn

reported first time by
Matthias et al. at 18 K [16].
With permission from APS.
http://journals.aps.org/pr/abs
tract/10.1103/PhysRev.95.
1435
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Fig. 5.20 Phase diagram of Nb-Sn [17]. With permission from Springer Publishing Company
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Table 5.3 Some important superconducting parameters of Nb3Sn (By, is the superheating critical
magnetic field relevant while using Nb RF SC cavities, £ is the mean free path, other parameters
carry their usual meanings)

Parameter | T; (K) | B (mT) | By (mT) | B¢y (mT) | Bex (T) | AO)AT . | €y (nm) | A nm | £
nm

Nb3Sn 182 |535 400 20 22 2-2.2 6 60 1

Fig. 5.21 Crystal structure
of the Nb3Sn of the type A3B
of compounds. Transition
metal atoms Nb form
mutually orthogonal chain
along the cubic faces and Sn
atoms occupy the corners
and the centre of the cube

Nb-Chain

Nb-Chain
Nb (A-Atom)

/
Nb-Chain
Nb

Sn (B-Atom)

corners and the centre of the cube. The peculiar feature of A-15 structure is that the
A atoms form three mutually orthogonal chains, which run throughout the lattice as

shown in Fig. 5.21. The lattice parameter ‘a’ of Nb3Sn is 5.2908 A. The extraordinary
properties of this class of superconductors are believed to be caused by the integrity
of these A atom chains. The most important A-15 superconductors, which are mostly
Nb or V based, are listed in Table 5.1. In the rest of the chapter, we will concentrate
on three A-15 compounds, viz Nb3Sn, V3Ga and Nbs; Al only, which either have been
produced commercially or stand good chance of being produced in near future.

5.6.1 Emergence of Nb3Sn as High-Field Superconductor

The real breakthrough for Nb3Sn to emerge as an industrial material for high-field
application came from Bell Laboratories in 1961 when Kunzler [18] demonstrated
first time that NbsSn carries a current density of ~ 10° A/cm? in a field of 8.8 T and
magnets producing field in excess of 10 T became a possibility. He produced Nb3;Sn
by two techniques, namely (1) by the standard solid-state ceramic technique and (2)
by the powder-in-tube (PIT) technique. In PIT technique Nb tubes were packed with
the mixture of Nb and Sn powder having 10% extra Sn powder. These tubes were
mechanically reduced to wires of 0.38 mm dia. and heat treated between 970 and
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Fig. 5.22 Critical current
density versus magnetic field 2
plots of Nb3Sn at 4.2 and S

1.5 K as reported by Kunzler 3Nb+Sn+10%Sn 42K
et al. Highest J; (~ 10° ; % PG x16Hy)
Alem? at4.2 K, 8.8 T) is
observed for sample heat
treated at 970 °C for 16 h
[18]. With permission from
American Physical Society.
http://journals.aps.org/prb/
abstract/10.1103/PhysRevB.
82.180520
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1400 °C for several hours. The J. versus field data on these samples are shown in
Fig. 5.22. Evidently, J; is the highest for samples heat treated at 970 °C. A J, value
of ~ 10° A/cm? (at 4.2 K and 8.8 T) is reached for a sample heat treated at 970 °C
for 16 h. High-temperature heat treatment lowers the J.. Great efforts were made in
research laboratories, R&D institutions and companies to produce this material for
high-field magnets.

The brittle nature of Nb3Sn hampered the development of stabilized multifilamen-
tary Cu/Nb3Sn composites, and the material was produced in the form of flexible
tapes of Nb suitably coated with Nb;Sn either by a liquid diffusion method (perfected
by General Electric Company, GEC) or by the chemical vapour deposition (CVD)
process (perfected by RCA). Initial 10 T magnets were wound using these tapes in
pancake structure. They were, however, not stable against flux jumps. We will not
discuss these techniques because they became obsolete after the arrival of multifila-
mentary Nb3Sn conductors. A brief discussion on these techniques can, however, be
found in my old review of 1983 [19].

In the beginning of 1970, alternate technologies were developed to realize multi-
filamentary composites of Cu/A-15 superconductors. The common strategy adopted
in these techniques is that the brittle A-15 phase is formed at the final stage of fabri-
cation of the application or the device. Many techniques have been tried in the past to
realize multifilamentary A-15 composite conductors with varying degree of success.
The author reviewed various techniques of fabrication of stabilized A-15 MF super-
conductors in 1987 [20]. We will, however, discuss here only the techniques already
in use for commercial production or very close to being exploited in immediate
future. These techniques are (1) the bronze process, (2) the internal tin (IT) process
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Fig. 5.23 Bronze process is shown schematically. For large number of filaments, composite rods
are repeatedly bundled. Heat treatment to convert Nb into Nb3Sn is carried out in the last stage, that
is, after winding the wire into the device

(3) the jelly roll (JR) process, (4) rod-restacking process (RRP) and (5) the in situ
process. Good reviews have been published by Tachikawa [21, 22] summarizing the
state-of-the-art techniques of manufacturing metallic superconductors.

5.6.2 The Bronze Process

The bronze process was first time proposed by Kaufman and Pickett [23] for Nb;Sn
and by Tachikawa [24] for V3Ga at the same conference, ICEC-3, in 1970. In this
process for Nb3Sn, one prepares an ingot of bronze of Cu—Sn containing 13-16 wt%
Sn. This bronze is used as a matrix for the billet. A desired number of holes are drilled
in this billet in a predetermined geometry as per the conductor design for specific
application and Nb rods are inserted in these holes. The composite billet is extruded,
rolled, swaged and drawn to final size in a hexagonal cross section with a few interme-
diate heat treatments to maintain ductility. These wires are usually bundled together
repeatedly to obtained a conductor with several thousands of filaments. This bronze
process is schematically shown in Fig. 5.23.

5.6.3 Parameters to Be Optimized

A. Filament to Bronze Volume Ratio
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Fig. 5.24 Geometrical
drawing of the cross section
of a bronze route Nb3Sn wire
showing three distinct
regions of grains—columnar
grains close to Nb core,
equiaxed grains in the middle
of the layer and coarse grains
close to the matrix

~ Cu-Sn matrix

Coarse grains

Fine equiaxed graing

Columnar grains

This ratio determines the amount of Nb3Sn formed during the heat treatment and
the compressive strain experienced by the Nbs;Sn layer when the composite wire is
cooled to 4.2 K. The compressive strain is caused by the mismatch of the thermal
contraction of Nb3Sn and the matrix, which increases with bronze volume.

B. Optimization of Heat Treatment

The heat treatment of bronze composites is the most critical parameter, which needs
to be optimized to achieve high J.. During heat treatment, Sn from the bronze matrix
diffuses into Nb rods and forms Nb3;Sn layer along the outer surface. The typical
grain morphology of the Nb3;Sn layer formed is shown in Fig. 5.24. The NbsSn layer
is found to have three distinct regions, the central region consisting of equiaxed fine
grains, the region with coarse grains towards the matrix interface (Sn deficient) and
the third region of columnar grains towards the Nb interface. It is the central fine
grain region, which is responsible for high J. as the grain boundaries are known [25]
to be the best pinning sites in A-15 superconductors.

Heat treatment controls J. through a number of metallurgical factors. First, the
volume of the central fine grains of the Nb;Sn layer increases with the duration of heat
treatment. Second, for high J., the grain size has to be kept minimum, and therefore,
a lower reaction temperature is to be preferred. For Nb3Sn, a temperature of 650—
700 °C has been found ideal. The third important parameter to be controlled is the
perfect stoichiometry of the A-15 layer, which too depends strongly on heat treatment.
The Nb/Sn stoichiometry shows a large variation of Sn when the composite is reacted
at lower temperature. Sn concentration is higher at the matrix end and lower at the
Nb end. Heat treatment at higher temperature on the other hand leads to better Nb;Sn
stoichiometry and to higher B,;. J. therefore increases. Thus, a combination of two
heat treatments is preferred. A long lower-temperature reaction leading to fine grain
structure followed by a higher-temperature reaction for shorter duration. The high-
temperature heat treatment improves the Nb3;Sn compositional stoichiometry and
therefore B,. Table 5.4 gives the thicknesses of the Nbs;Sn layer in the three regions
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Table 5.4 Grain morphology in bronze-processed Nb3Sn after a two-step heat treatment

Heat reaction A-15 layer thickness (ju.m) Je, Alem? (4.2 K)
Columnar Equiaxed Coarse Total, 10T 14T
grains grains grains pm

730 °C/2 days | 0.4 0.8 0.5 1.7 5.0 x 10+ |2.0 x 10*

700 °C/4 days + | 0.5 1.2 0.4 2.1 6.7 x 10* 2.8 x 10*

730 °C/2 days

Lower-temperature reaction yields small grains and high J, high-temperature reaction improves
stoichiometry and increases H, again leading to high J. [26]

and the corresponding J.. values following two different heat treatment schedules of
the Nb;3Sn conductor produced by Airco [26]. The Airco bronze Nb;Sn wire dia. was
0.7 mm with 2869 filaments and used a matrix of Cu-Sn (13 wt%). A two-step heat
treatment has been found to increase the J; up to 14 T. The wire was heat treated
in two steps, namely 700 °C x 4 days followed by 730 °C x 2 days. The first heat
treatment results in fine grains of ~ 72 nmand a J. = 2 x 10* Alem? (42K, 14 T).
The second heat treatment coarsens the grains a bit to ~ 76 nm but still increases
the J. through an increase in B, due to improved stoichiometry. After the second
treatment, J. goes up to 2.8 x 10* A/cm? (4.2 K, 14 T). Figure 5.25 shows how the
Nb-Sn stoichiometry improves with two-step heat treatment.

C. Filament Size

A small filament diameter needs a shorter heat treatment and is thus ideal for attaining
high J..

Fig. 5.25 Two-step heat Nb.Sn
3

treatment, 700 °C x 4 days
followed by 730 °C x 2 days
leads to high J; due to small
grain size and high B, due to
better Nb/Sn stoichiometry
[26]. With permission from
Elsevier and Springer
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Fig. 5.26 Non-Cu J. versus 200
magnetic field plots of
bronze-processed Nb3Sn as a
function of Sn concentration.
J. rises by almost a factor of
two for bronze with 16 wt%
Sn. The bronze had 0.3 wt%
Ti as well. Adapted from
[27]
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D. High Tin Content in Bronze

Yet another milestone [27] was reached in enhancing the J. of bronze-processed
NbsSn twofold when the Sn concentration in the bronze matrix was increased from
13 to 16 wt%. Figure 5.26 shows significant increase in J. when Sn contents are
increased from 13 to 16 wt%. The matrix also had 0.3 wt% Ti added to it.

5.6.4 Elemental Additions to Nb3Sn

Impressive improvements in J. of bronze Nb3Sn superconductors have been made
using elemental additions to the Nb core, to the Cu-Sn matrix or to both. These
additives either refine the grains and increase J. up to a field of 10 T or increases B,
that leads to higher J. in high fields. We will discuss below some of the interesting
developments that have taken place to produce Nbs;Sn conductors with high J; for
the International Thermonuclear Experimental Fusion Reactor ITER). Among many
elements, Ti addition to the Nb core and/or the Cu-Sn matrix has been found to raise
J.. significantly [28]. Ti has been found to be incorporated in the Nb3Sn layer better if
Ti is added to the matrix. Kamata et al. [29] at Hitachi Cable Co., Japan, successfully
produced high J. Nb3Sn conductor using a matrix of Cu-7.5 at.% Sn-0.4 at.% Ti heat
treated at 690 °C for 200 h. The conductor had 4.7 pwm diameter 10,261 filaments.
An overall J, of 3.5 x 10* A/cm? (4.2 K, 15 T) was achieved in these conductors as
shown in Fig. 5.27. Superconductors with improved J. in rectangular tape form (9.5
x 1.8 mm) consisting of 5 wm diameter 349 x 361 filaments have been successfully
fabricated in a full-scale production using a three-step hydrostatic extrusion process.
These conductors have been widely used in fabricating 16 T magnets on a routine
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Fig. 5.27 Overall J; (4.2 K) e
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basis. V3Ga, and HTS YBCO or BSCCO inserts have been used in a hybrid formation
to reach fields in 20-21 T range with a 16 T background field provided by Nb-
Ti/Nb3Sn combination. Bronze-processed Nb3Sn conductor with 16 wt% Sn and
0.3 wt% Ti matrix has become the norm for many companies to produce high-
performing Nb3Sn conductor.

Such conductors have been used successfully by Kiyoshi et al. [30] in building
high-frequency 930 MHz NMR magnet producing a field of 21.9 T (@ 1.5 K) using
this material at NIMS, Tsukuba, Japan. Further, this material is in wide use for
building cryofree (CCR cooled) magnets in the field range of 15 T for a variety of
applications.

The international programme ITER has given new impetus to the development of
high performance Nb3Sn cables. Japan Atomic Energy Agency (JAEA) has produced
[31] bronze-processed conductors with more than 11,000 filaments each of 3 pwm dia.
for ITER. To fabricate a cable-in-conduit conductor (CICC) a large number of such
strands, and copper wires are twisted together in a multistage process and encased
in a long SUS 316 LN jacket. Some important parameters of the bronze-processed
strand used in ITER conductor are given in Table 5.5.

Bronze technique has also been used to manufacture Nb3Sn conductors for AC
applications. To minimize hysteresis losses, the filament size has been reduced to as
small as 0.2 wm. The Sn concentration in bronze is reduced, and a small amount of
Ge is added to make the matrix resistive for effective decoupling of the filaments.
Because of the very small size of the filaments, the heat treatment temperature is now
reduced to 500-550 °C. J; in these wires do not show degradation up to a bending
strain of 4%. This enables the wire to be used in a ‘react and wind’ mode. A-2 T,
50 mm bore magnet using Nb3Sn wire has been operated by Tachikawa et al. [32] at
53 Hz with an AC loss of only 0.013% of the coil energy.
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Tabl.e 5‘5_ Important Parameter Unit Value
specifications of the
bronze-processed Nb3Sn Dia. of Cr-plated wire mm 0.826
conductor developed for Bronze composition wt% Cu+155Sn+0.3Ti
ITER [31] Filament composition wt% Nb+1.0Ta
Barrier material Nb
Filament dia. pm 3
No. of filament 19 x 583 =11,077
Non-Cu J; A/mm? 820 (12T, 4.2K)
Hysteresis loss kJ/m? 620 (+£3T, 4.2K)

5.6.5 The Internal Tin (IT) Process

The internal tin (IT) method of fabricating Cu-Nb3Sn composite wires is based on
the old work of Hashimoto [33]. In this process, Sn or Sn alloy contained as core
is made to diffuse out into the composite. The problem of intermediate annealing
associated with bronze process due to work hardening is, thus, circumvented. In this
process, [33], as shown in Fig. 5.28, the copper billet consisting of Nb rods has a
central hole, which is filled with Sn. The composite billet is reduced to hexagonal-
shaped rods suitable for restacking. The desired number of these ‘sub-elements’ is
stacked together in a stabilizing Cu tube lined with a thin tantalum diffusion barrier
and cold drawn to final size of the wire. Since all the components, that is, Cu, Sn,

= - &

INTERNAL TIN (IT) PROCESS

Extruded Rolled 1o
compaosite rod hexagonal shape
— Exiruded composite Sn-rod inserted
SniSn-alloy rod tubular billel
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Wire drawing barrier

and spooling
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(MF Bronze-route Nb,Sn}

Fig. 5.28 Sequence of steps followed in the internal tin process to produce Cu/Nb3Sn composite
wire
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Ta and Nb are ductile; their co-processing is easy and economical. No intermediate
annealing is needed. For high-current applications, the wires can be cabled into a
desired configuration. Diffusion of Sn from the centre is carried out in a multistep
homogenization process between 200 and 500 °C for several days. The final reaction
to form Nb;Sn is carried out at 650-750 °C for a few days, depending upon the sub-
element size, filament size, volume fraction of Sn and the desired magnetic field. IGC
[34] as early as 1985 prepared 27-km-long wire with this process with an overall J;
(excluding the barrier and the stabilizing Cu) = 10° A/em® (4.2 K, 10 T).

The bronze process has the limitation that the solubility limit of Sn in Cu is
15.8 wt%, whereas larger Sn concentration is possible in the IT process which results
in high non-Cu J, in the wire. IT process is also being used for wire production for
fusion programme including ITER. Similar to in bronze process addition of Ti to the
Sn core leads to higher J. values in IT processed Nb3Sn wires. The IT process has a
drawback that pure Sn used as a core melts during extrusion. Further, the diffusion of
Sn causes a void at the centre after the heat treatment. Nb3Sn filaments in IT process
tend to bridge after the heat treatment causing an increase in AC losses. Thus, they
do possess higher J. but AC losses go up in comparison with the bronze-processed
conductors.

The benefit of Ti addition to Nb3Sn to raise J; is realized in IT process by adding
Ti to the Sn component. Ti addition also increases the hardness of Sn to make it more
compatible with Cu and Nb for co-processing. A few variants of the IT techniques
have been invented which are summarized in the next subsections.

A. The Distributed Tin (DT) Technique

Uniform availability of Sn to the filaments across the cross section of the conductor
is a prerequisite of any fabrication technique for the growth of Nb3Sn with perfect
stoichiometry. Uniform distribution of Sn across the cross section is accomplished
in the so-called distributed tin (DT) technique [35]. In this design, the distances for
Sn to diffuse in Nb have been reduced drastically. Two elements, namely Nb-Cu (Nb
rods in Cu tubes) and Sn-Cu (Sn rods in Cu tubes), are packed uniformly across
the cross section of a Cu stabilizer tube in a predetermined geometry as shown in
Fig. 5.29. The volume ratio of Nb:Sn is kept at 3:1 across the wire. Table 5.6 gives
the specifications of a wire prepared with a typical DT configuration. A non-Cu J, of
2.07 x 10* A/em? (4.2 K, 20 T) has been achieved. Uniform grain size distribution
has been realized in this technique, which has resulted in high J, values. The AC
losses are, however, high reaching a level of 3850 kJ/m3 at + 3 Tat4.2 K.

B. The Modified IT Process with Radial Nb Filaments

The Mitsubishi Electric Co. later modified the DT process and developed [36] low-
loss Nb3Sn wire by having a modified radially arranged Nb filaments across the cross
section of the sub-elements as shown in Fig. 5.30. The Mitsubishi wire of 0.82 mm
dia. had 91 sub-elements. Each sub-element has a central Sn core with three layers
of 84 Nb filaments of 2.7, 3.3 and 3.9 wm dia. from inner to outer layer, respectively.
The twist pitch was 25 mm. A Ta barrier has been used at the Cu stabilizer interface.



202 5 Conventional Practical Superconductors

DISTRIBUTED TIN (DT) PROCESS

Cu tube
Cu tube

Sub-element 2

Sub-element 1

Nb barrier

Cu stabilizer

Cu tube

Fig. 5.29 Schematic drawing of the distribution of Nb-Cu and Sn-Cu sub-elements in a conductor
cross section prepared by the so-called distributed tin (DT) technique. Adapted from [22, 35]

g:i)iz lslfT-fy%ZCi?);e:itlilocrtlcs)rOf 4 Parameter Unit DT wire
Wire dia. mm 1.0 x 0.7
No. of Nb in Cu tube elements 138
No. of Sn in Cu tube elements 61
Cu to non-Cu ratio 0.8
Filament dia. pm 3.0/2.1
No. of filaments 27,462
Barrier material Nb
J.@42K Acm™2 |2.07 x 10* 20 T)

Data compiled from [35]

The stabilizing Cu was 51.5 vol.%. The volume fraction of Cu, Nb and Sn in a
sub-element was 25.4%, 12.8% and 10.3%, respectively. This filament arrangement
opened many Sn diffusion paths and prevented circumferential filament coupling.
This resulted in higher J. and low AC losses. A non-Cu J. of 1.15 x 10° A/cm?
(4.2 K, 12 T) was achieved. AC losses were reduced to 301 kJ/m> at + 3 Tand 4.2 K.
It, thus, appears that the performance of the IT conductor is strongly linked to the
design of the cross section. The present-day performance of the IT wires matches
well with the specifications, set for the ITER conductor.

Both the techniques, namely, bronze and the IT, have been used successfully
to produce Cu-(Nb,Ti);Sn wire of lengths up to 20 km which are cabled to fabri-
cate cable-in-conduit conductors (CICC) carrying currents up to 80 kA at 10 T
field. Japan Atomic Energy Research Institute (JAERI) has already tested the central
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IT PROCESS WITH RADIAL Nb FILAMENTS

Nb rods Cu matrix 91 Sub-elements

[ I I S S IS RS I I

Sub-element (84 Nb rods)

Fig. 5.30 Geometrical arrangement of Nb rods in a sub-element and the sub-elements in a wire
cross section of an IT wire by Mitsubishi Electric Co. for the production of a low-loss Nb3Sn wire.
Note the radially arranged Nb filaments in a sub-element. Adapted from [36]

solenoid model coil (CSMC) for ITER. Coils have been wound using combination
of conductors produced by bronze and IT processes.

5.6.6 The Jelly Roll Process

The jelly roll (JR) process was introduced by McDonald et al. [37] at Teledyne Wah
Chang Albany, for producing composite Nb3Sn MF conductors. In this process, thin
foils of Nb and Cu-Sn bronze are laminated and wrapped around a Cu cylinder with
a Ta diffusion barrier on the cylinder, and the assembly is inserted in a hexagonal-
shaped Cu container. Several of these hexagonal containers are bundled together
in another Cu tube. The composite billet is extruded and reduced to fine wires as
in conventional bronze or IT process. The advantage of this JR process is that the
conventional bronze core is replaced by a Cu core surrounded with a barrier. The
barrier prevents the Sn infiltration into copper and enhances the conductor stability.
This technique also makes the availability of bronze around each filament uniform.
By contrast, the conventional bronze core leads to a strong radial Sn gradient that
produces marked differences in the local Sn composition and the grain morphology
of the NbsSn layer. Detailed work on this JR technique by changing matrix to filament
ratio, using pure Nb and Nb-0.8 wt% Ti sheets and using a heat treatment at 725 °C
for 50-200 h, has led to high J. values = 1.3 x 10* A/cm? (4.2 K, 16 T).
Tachikawa et al. [38] at Tokai University, Japan, used the JR technique to produce
composite Nb3Sn conductor with high J. and B, values. Thin sheets of Nb laminated
with the sheet of one of the Sn-based alloys like Sn-Ta, Sn-B or Sn-Nb are wrapped
spirally over a Nb-Ta (3.3 at.%) core and covered again with the Nb-Ta sheet. The
composite assembly is rolled and drawn to wires and heat treated at 725-750 °C
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Fig. 5.31 Schematics of the JR process for producing Nb3Sn conductor

for long periods. A sharp T, = 18.1 K, B,; = 26.5 T and a non-Cu J, = 1.5 x 10*
A/cm? (4.2 K, 22 T) has been achieved. Still better performance can be attained by
optimizing parameters leading to a uniform and stoichiometric Nb3Sn layers. The
JR process used by Tachikawa et al. is schematically shown in Fig. 5.31.

5.6.7 The Rod Restacking Process (RRP)

The rod restacking process (RRP) [39] gained popularity in the beginning of 2000,
replacing the MJR process, for facilitating large-scale production. The unique feature
of this process is that the barriers are distributed over the cross section and is built
up of two types of sub-elements. Sub-element 1 in RRP is a Sn rod encased in a Cu
tube which is surrounded by a stack of the sub-elements 2 which is a Cu tube stacked
with a large number of Nb rods each of which is encased in a Cu tube. Sub-element 1
and sub-elements 2 are packed uniformly in a Cu stabilizer lined with a barrier. The
composite billet is then processed as usual. The Cu/Nb area ratio of the Cu clad Nb
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Gun-drilled hole

Sub-elements

Sub-element

Fig. 5.32 Fabrication sequence of high J. Nb3Sn wires by rod restacking process (RRP) tech-
nique. Courtesy Charlie Sanabria. Image by Charlie Sanabria licensed under a Creative Commons
Attribution 4.0 International License. Based on a work at the National High Magnetic Field
Laboratory

rods can be chosen as per the demand of the application. During the heat treatment,
Sn gets diffused out through Cu and reacts with Nb core in sub-elements 2 converting
Nb core into Nb3Sn. Oxford Superconducting Technology (OST) achieved a non-Cu
J. of 3000 A/mm? (4.2 K, 12 T) in early 2000, following the RRP technique with
the best values of about 3300 A/mm? [39].

Figure 5.32 shows the steps involved in the fabrication of Nb3Sn wire following
the RRP method. Figure 5.32a is the sketch of a billet consisting of hexagon of Cu
and the Nb rods cladded with Cu, all contained in an outer Cu tube lined with Nb
barrier. Some Cu clad Nb-Ti rods have also been introduced for doping to increase
J... The billet is hot extruded for good bonding between various components. A gun
hole is now drilled at the centre of the billet for inserting a Sn rod (Fig. 5.32b). The
composite billet after the insertion of Sn rod and cold drawing constitutes a sub-
element (Fig. 5.32¢). A large number of these sub-elements are stacked again in a
Cu jacket with a Cu central core and finally processed to wires of desired diameter.

5.6.8 The Powder-in-Tube (PIT) Process

PIT process is similar to what Kunzler [18] used for making Nb3Sn wires in 1961.
The present-day PIT differs in one respect that Nb 4+ Sn powder is mixed with Cu
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powder to bring down the reaction temperature to 650-700 °C. The technique was
used first time [40] by ECN, the Netherland Energy Research Foundation in 1977.
In this technique, Sn-rich inter-metallic NbSn; in powder form is mixed with small
amounts of Cu powder and filled into a thin Cu tube. This Cu tube in turn is inserted
into a Nb (or Nb-7.5 wt% Ta) tube. The composite is finally fitted into an outer Cu
stabilizer. In these wires, Nb left unreacted in each filament serves as the barrier. The
processed wire is reacted at 650700 °C, whereby the A-15 Nb3Sn phase with fine
grains is formed. To improve the Sn to Nb ratio, extra elemental Sn is added. The
process needs a heat treatment at 650-700 °C for 50-75 h for Nb;Sn formation.

This process leads to strands [41] with high non-Cu critical current densities ~
2500 A/mm? (4.2 K, 12 T) with fine filaments of diameter down to 30 wm. Linden-
hovius et al. [42] at Shape Metal Innovation (SMI) obtained high non-Cu J, =
217 A/mm? (4.2 K, 20 T) and B, = 25.6 T in PIT processed strands of (Nb-Ta);Sn.
These values were obtained by optimizing the heat treatment and adding 7.5 wt% Ta
to Nb. The SMI has developed a PIT binary Nb3Sn conductor with 504 filaments of
20 wm diameter that had a non-copper current density of 2680 A/mm? (4.2 K, 10 T).
This conductor has been developed for a 10 T, wide bore model separator dipole
magnet for the LHC.

5.6.9 Conductor for High-Luminosity LHC Quadrupole
Magnets

CERN will be replacing the main ring inner triplet quadrupoles (MQXF), adjacent to
the main ring intersection regions for its high-luminosity upgrade of the Large Hadron
Collider (HL-LHC) project. After evaluating the performance of superconducting
cables at LARP (the US LHC Accelerator R&D Program), Cooley et al. [43] have
frozen the specifications of the Ti-alloyed Nbs;Sn conductor for MQXF magnets.
The conductor will have 0.85 mm diameter, restack 108 x 127 and a copper fraction
of 52.4%. The strand critical current will be > 631 A (4.22 K, 12 T) and > 331
A (4.22 K, 15 T). The residual resistance ratio (RRR) will be of not less than 150.
These new specifications allow a small increase of the sub-element diameter from
50 to 55 wm, and in Nb:Sn molar ratio from 3.4 to 3.6. Alloying with Ti improves
the growth rate of Nb3Sn layer formation at a reaction temperatures of 635-665 °C
that results in high RRR. However, this low reaction temperature yields the 4.2 K
extrapolated upper critical field B, value of 25-26 T, somewhat lower than the
highest value of 27.8 T. Enhancing the ratio Nb:Sn will provide better control over
RRR and flexibility for heat treatment schedule. The specifications are tabulated in
Table 5.7.

It, thus, appears from the description of the most promising techniques discussed
in preceding sections, which have reached almost the limit of J. and B, for Nb;Sn
conductors. According to an analytical model [44], the maximum Nb3Sn fraction
can reach 65% just 5% more than what is presently found in best RRP conduc-
tors. The best value of B, reached in RRP strands at 4.2 K is ~ 28 T, almost the
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Table 5.7 Specifications of the Ti-alloyed Nb3Sn RRP round wire to be used for replacing the
main ring inner triplet quadrupoles (MQXF) for its high-luminosity upgrade of the Large Hadron
Collider (HL-LHC) project (compiled from [43])

Parameter Value Units Parameter Value Units
Type of conductor Ti-alloyed Nb3Sn Critical current | > 632 | A
(422K,127T)
Conductor diameter 0.85 mm Equivalent Je 2450 A/mm?
Re-stack 108 x 127 Critical current > 331 A
(422K,15T)
Heat treatment 210°C48h + Equivalent J, 1285 A/mm?
400°C 48 h +
665°C75h
Cu:non-Cu ratio 1.2 Sub-element dia. |55 pm
RRR 150 Peak field (@ 114 T
1.9K)
Nb:Sn mole ratio 3.6 Max operating 17.8 kA
current
No. of sub-elements > 108 Max 445 A
current/strand

highest reported so far. Further improvement in J. seems unlikely through more
comprehensive optimization of the compositions of Sn/Cu/Nb, heat treatment and
microstructural control. At times, improvement in one superconducting parameter
turns detrimental for another parameter. For example, a high-temperature treatment
improves the stoichiometry of Nb3;Sn and hence B.,, but it increases the grain size
and brings down the J.. Optimization of parameters is, therefore, carried out by
making a trade-off between these controlling factors. The only hope could be that
the grain size in RRP technique at 125-150 nm is still larger than the lowest limit
of 15 nm that can be reached theoretically, and thus a further reduction of grain size
can perhaps enhance flux pinning and J; though only marginally.

5.6.10 The In Situ Process

Though the in situ process has not been exploited for commercial production, yetI am
including it here because it is an interesting process insofaras the multiple and very
fine filaments are formed in situ. The technique is a fall-out of a paper by Tsuei [45]
and soon followed by Sharma and Alekseevskii [46] in which superconductivity was
found at 18 K (= T, of Nb3Sn) in an alloy Cug3NbsSn, when drawn into fine wires
and suitably heat reacted. The in situ technique is based upon the near negligible
solubility of Nb in Cu at ambient temperature. Large amount of Nb can mix with Sn
in the molten state but as soon as the liquidus line at 1700 °C is crossed, most Nb
gets precipitated out in the Cu matrix. Below the peritectic temperature (1090 °C),
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the solubility of Nb in Cu is only ~ 1.5 wt% and that of Cu in Nb ~ 2 wt%. These
compositions are retained if the cooling is fast.

Figure 5.33 shows the SEM micrographs of the Cu-Nb (20 at.%) alloy in three
different stages of the process reported by Sharma et al. [20, 47]. The cast alloy
prepared by arc melting shows typical dendrite structure of the Nb precipitates in
Cu matrix (Fig. 5.33a). Ingots when rolled and/or drawn to fine size of wire, these
precipitates get elongated and take the shape of fine filaments which tend to curl
and fold being constrained by the matrix (Fig. 5.33b). Figure 5.33c is the SEM
micrograph of the cross section of a 0.21 mm wire, which shows very high density
of the filaments. As seen from this figure, the filaments are ribbon-shaped because
typically the bcc Nb crystals deform in a plane strain rather than having an axially
symmetric flow. This high density of Nb filaments causes high density of Cu-Nb
interfaces increasing the yield strength of the composite manifold, much more than
what the rule of mixture would predict. This structure also leads to increased J.
because of increased surface flux pinning caused by the high density of interfaces.

The drawn wires are then coated with optimized amount of Sn and heat treated
at ~ 550 °C for 50-200 h. Note that this temperature is much smaller than needed
(~ 700 °C) in bronze process. Figure 5.34 shows the J.—B behaviour of the in situ

Fig. 5.33 a Typical Nb dendritic structure in a Cu-Nb (5 at.%) ingot quenched from the melt.
b Filamentary morphology of a Cu-Nb (20 at.%) wire drawn to 0.21 mm dia. ¢ Cross section of a
0.21 mm dia. Cu-Nb (20 at.%) wire. High density of ribbon-shaped filaments is visible [47]
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Fig. 5.34 Overall J; of the
Cu/Nb3Sn 0.21 mm dia.

in situ wires reacted at

550 °C for 160 h. Upper
curve has Sn 36 vol.% and
the lower curve Sn 37 vol.%
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Cu/Nb3Sn wires of 0.21 mm dia. coated with 36-37 vol. % Sn and reacted at 550 °C
for 160 h. Cu-Nb ingots were prepared using an arc furnace. An overall J. =3 x 10*
A/cm? (4.2 K, 12 T) has been obtained as shown in Fig. 5.34. Impressive results were
reported on in situ Nb3;Sn and V;Ga conductors by Bevk’s group at Harvard Univer-
sity, Finnemore’s group at lowa State University, Freyhardt at Gottingen University,
Roberge’s group at Quebec, Canada, and Tachikawa’ group at National Research
Institute for Metals (now NIMS). For details of results from these groups, please,
see the review paper by the author [20]. The J.. of in situ conductors are comparable
or better than obtainable from conventional bronze and IT techniques, nevertheless
suffer from the high AC losses because of the intimate coupling between the closely
spaced filaments.

This technique has several advantages not available with other techniques. The
technique is much simpler as there are no repeated bundling to make MF, and there
are no intermediate annealing treatments. The ductility of the Cu-Nb ingot allows
processing of the wire down to fine size without annealing. Very fine filaments
obtainable in in situ conductors (~ 0.2-0.5 pwm) need low-temperature heat treat-
ment temperature (500-600 °C) which leads to fine grain structure of the Nb3Sn
layer resulting in high J;. Very fine size of the filaments and small inter-filamentary
distances lead to exceptionally high filamentary bonding. As a result, local strain
is transferred to the entire cross section. This results in exceptionally high mechan-
ical strength. The ultimate tensile strength o yrg of the bronzed processed Cu/Nb;Sn
composite is 292 MPa, whereas the in situ composite has a oyrs of 513 MPa at
room temperature and increases further by 25% to 690 MPa at 77 K. In situ conduc-
tors are less sensitive to stress—strain behaviour than their counter part in bronze
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Table 5.8 Engineering J values of different compositions of the in situ processed Cu/Nb3Sn
composite conductors reported by different groups

Reference | Author Jo (Alem?) Temp, field Composition

[47] Sharma et al. 3 x 10* 42K, 12T Cu-Nb 20 at.%-Sn 36 vol.%
[48] Harbison et al. 2 x 103 42K, 12T Cu-Nb 10 at.%-Sn 2 at.%
[49] Verhoeven etal. |6 x 10* 42K,8T Cu-Nb 20 wt%-Sn 9.3 wt%
[50] Fihey et al. 1 x 10* 42K,14T Cu-Nb 36 wt%-Sn 20 wt%
[51] Verhoeven et al. 8 x 103 (42K,12T) |Cu-Nb 20 wt%-Sn 10 wt%

process. For example, the bronze conductor shows J. degradation at a strain level of
0.3%, whereas the in situ conductor shows the J. degradation at only 0.6% strain.
Filament strength too in these composites is high because of small grain size (Hall
Patch effect), and dislocation movement is inhibited due to the high density of the
filaments causing obstacles due to Orowan mechanism. All the unique properties of
these in situ conductors depend upon two factors, one, the superconducting volume
fraction (SVF) and the other area reduction ratio (ARR). The SVF has to be well
above the percolation threshold (~ 17 vol.%) and as high as permitted by the need
to maintain ductility. The area reduction ratio (ARR) will depend upon the starting
billet size but an area reduction of 3000—4000 has been found optimum for laboratory
scale production.

In situ Nb3Sn conductors with impressive values of J;, high strain tolerance,
exceptionally high mechanical strength have been produced on laboratory scale with
ingots up to 40 kg. Different techniques have been used to prepare the alloy ingots.
These include induction melting, arc melting, chill cast, levitation technique, high-
temperature gradient arc melting and continuous arc casting. The basic objective in
preparing the ingot has been to obtain a homogenous mixture of Cu and Nb at high
temperature and quench fast to retain homogeneity and keep the precipitate small.
Table 5.8 gives the representative J,. values for different compositions of Cu-Nb-Sn
reported by a few groups and prepared by different techniques. It is important to note
that all these J. values are overall engineering J. values, that is, it takes the entire
cross section of the composite wire in the calculation of J.

There may be a revival of interest in the in situ technique in future as the reports
suggest that in situ conductors are less prone to radiation damage.

5.7 The A-15 Nb3Al MF Superconductor

NbsAl is yet another superconductor belonging to the family of A-15 class/B-W
structure compounds and is tipped to be the material of future for magnets needed
for high-energy particle accelerators, nuclear fusion reactors and high-frequency
NMR spectrometers. This material is superior to Nb3Sn in two respects, one, the
upper critical field of Nb3Al is about 32 T much higher than that for Nb3Sn, and the
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other is its high strain tolerance. Its T; at 18.8 K is comparable to that of Nb3Sn. The
complicated phase diagram of Nb-Al had put the hurdle in perfecting the technology
of the production of multifilamentary Nb; Al that has now been solved by the NIMS

group.

5.7.1 Phase Diagram of Nb-Al System

The phase diagram of the binary phase of Nb and Al is shown [52] in Fig. 5.35. The
phase diagram of Nb-Al has a similarity with the Nb-Sn system insofaras the A-15
phase is formed by a peritectic reaction from bcc phase + liquid to A-15 phase at
2060 °C. The bcc solid solution phase Nb(Al)ss, however, extends over a wide range
of composition. The solubility limit of Al is 21.5 at.% at 2060 °C and 9 at.% up to
100 °C. On both sides, that is, Al-rich side as well as Nb-rich side, the phase limits
of the A-15 phase depend strongly upon temperature. On the Al-rich side, the A-15
phase includes the stoichiometric composition at the second peritectic temperature of
1940 °C. This limit, however, shifts to lower Al concentration of 21.5 at.% at 1000 °C.
The Al content on the Nb-rich side varies from 19 at.% at 1500 °C to 22.5 at.% at
the peritectic temperature. This extensive variation of A-15 phase stoichiometry at
low temperatures creates problem in fabricating Nb3Al conductors with acceptable
J. and B, values. Even the stoichiometric bulk NbsAl (3:1) material has low T of
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Fig. 5.35 Binary phase diagram of Nb and Al [52]. Courtesy Takao Takeuchi and with the
permission of Taylor and Francis Group LLC, a division of Informa plc
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12 K when heat treated at below 1000 °C. This T, in fact, corresponds to a Al-rich
limit of 21 at.%. Al. Low-temperature heat treatment below 1000 °C is thus ruled
out for fabricating Nb3 Al wire conductors. The ternary Cu-Nb-Al phase diagram too
is complicated and has proved to be a big hurdle in adopting the so-called bronze
technique to produce MF Cu-Nb; Al stabilized conductors. Several unwanted ternary
phases are formed which block the tie line routes between Cu-Al bronze and the Nb
solid solution through the A-15 Nbs Al phase. It was for this reason that conventional
bronze process could not be applied to Nb3 Al wire fabrication. Production of Nb3 Al
conductor, thus, had to wait for the development of an alternate method. NbsAl
has the p-wolfram (B-Tungsten) crystal structure similar to that of Nb3Sn shown in
Fig. 5.21 with the difference that Sn atoms are now replaced by Al atoms. The lattice

parameter, of Nb3Alis, a = 5.183 £ 0.002 A.

5.7.2 Mass Production of JR Nb3Al Conductors by JAERI
Jor ITER

The strategy for the successful manufacture of Nb3Al wires has been to follow a
three-step process. One, that the A-15 stoichiometric composition should be attained
at high temperature (~ 1900 °C) by forming a bcc solid solution (3Nb.Al)ss. Two,
the stoichiometry should be retained by quenching the alloy fast (~ 10* °C/s), the
alloy though is in bcc phase. Third, the diffusion temperature to convert bcc phase
into A-15 phase should be kept below 1000 °C in order to keep the grain size small.
This three-step procedure, thus, leads to perfect stoichiometric composition (25 at.%
Al) with high T¢, high B, and high J. in higher fields. Lower diffusion temperature
restricts the grain size, which helps in achieving high J;, grain boundaries being
the most effective pining centres in A-15 superconductors. Japan Atomic Energy
Research Institute (JAERI) followed the jelly roll method to make long length A-15
MF NbsAl conductors, wherein thin sheets of Nb and Al are laminated and wound
over a Curod and encased in a Nb sheet. The composite billet is extruded and drawn
to hexagonal-shaped JR sub-elements. These sub-elements are stacked together in
the desired geometry in a Cu tube and processed to wires of required diameter.

The JAERI in collaboration with Sumitomo Electric Co. produced Nb3Al CICC
[53, 54] for ITER magnets. Figure 5.36 is the cross section of a strand 0.81 mm
in diameter with 96 JR processed sub-elements, and Fig. 5.37 on the other hand is
the cross section of the CICC with 1152 such strands. These JR processed wires are
heat treated at a temperature of 750 °C to facilitate the formation of Nb3 Al through
the diffusion reaction. A non-Cu J, of ~ 1.0 x 10° A/cm? (4.2 K, 12 T) has been
attained. JAERI established the facility to process 70 kg billets producing JR Nb3Al
wires of length as much as 16 km and weighing about 1000 kg. This conductor has
been used for an insert coil of the ITER central solenoid producing a field of 13 T
at 4.2 K. The hysteresis losses are found to be limited to 600 mJ/cm?® at & 3 T and a
residual resistivity of the chrome-plated wire less than 1.6 x 1071 Qm. JAERI has
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Fig. 5.36 Cross section of a
0.81 mm dia. strand with 96
sub-elements of Nb3 Al
processed by JR technique,
for the insert coil of the
central solenoid of ITER
[53]. With permission from
Elsevier

Cr-plated Nb;Al strands of
0.81 mm dia. consisting of
96 sub-elements.

2 mm thick SS jacket
Sub-cable
lap
12 mm dia. Central channel
1 mm wall thickness

Fig. 5.37 Cross section of the JR processed Nbz Al-CICC for ITER TF coils (13 T @ 46 kA) [54].
With permission from Elsevier

since tested successfully a stainless steel (SS) jacketed JR-processed Nb; Al CICC
conductor in a ‘react and wind’ form carrying a current of 46 kA at I3 T, 42K asa
candidate for the TF coils of the ITER.
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5.7.3 The Rapid Heating, Quench and Transformation
(RHQT) Technique

Though JAERI has been successful in developing Nb3 Al CICC by JR method suitable
for ITER applications, yet the technique suffers from an inherent problem of direct
diffusion reaction between Al and Nb at a temperature of 750 °C at which the phase
composition deviates from the normal A-15 stoichiometry. This resulted in a low B,
of 22 T significantly lower than the expected value of 30 T. Alternatively, diffusion
can be carried out at high temperature (~ 1800 °C) but coarser grains, formed at this
temperature, lower the J. thus wiping out any benefit from high B,,.

The twin objective of fine grains and perfect stoichiometric composition can best
be met by the rapid heating, quench and transformation technique (RHQT) developed
at NRIM (NIMS) and pioneered by Takeuchi [55, 56]. In this technique, a metastable
bee supersaturated Nb solid solution containing 25 at.% Al, that is, (3Nb.Al)ss is
obtained at high temperature and quenched fast to retain its composition. In the next
step, this bee supersaturated solid solution is transformed into A-15 phase through
a suitable heat treatment carried out at ~ 800 °C. Here, the transformation only
changes the crystal structure (from bcc to A-15) and not the composition, and the twin
objective of fine grains and perfect composition is thus met intelligently. After trying
liquid quenching technique in the beginning, NIMS finally perfected the so-called
RHQT technique [56] for the manufacture of long lengths of Nbs Al tapes/wires.

The schematic diagram of the system developed at the NIMS to produce long
lengths of NbjAl conductor is shown in Fig. 5.38. In this technique, the precursor
multifilamentary Nbs Al wire is prepared by the usual JR method. Foils of Nb and
Al are laminated together and are spirally wound on a Nb rod and wrapped around
by a Nb sheet at the outside. The composite is encased in a Cu can which should
be removed after the extrusion and drawing processes are complete. The standard
multifilamentary wire, thus, has the Nb matrix only. NIMS and Hitachi cable Ltd.
produced 2.6 km wire using a 50 kg billet of the size 140 mm x 450 mm. As shown
in Fig. 5.38, the precursor wire is fed from pay-off reel to a Cu wheel (working as
an electrode) and then to a pulley dipped in molten Ga and is collected on another
spool. A uniform RHQ treatment along the length of the wire is crucial for this scale
up system. The wire is Ohmic heated between the copper wheel and Ga bath to a
temperature of about 1950 °C where the bec solid solution extends to 25 at.% Al. The
wire is then quenched in the molten Ga bath kept at ~ 50 °C followed by annealing
at ~ 800 °C to transform the bcc solid solution to A-15 Nb3Al phase. The speed of
the moving wire was kept 20 m/min. The bcc (3Nb.Al)ss solid solution is ductile at
room temperature and therefore enables convenient cabling and winding before the
final annealing for phase transformation.

Copper stabilizer is incorporated with the wire after quenching by mechanical
cladding. Drawing the wire at room temperature in the bcc phase has been found to
increase J. by a factor of two in the annealed wire. For comparison, the non-Cu J,
of the RHQT wire has been plotted against field together with three Nb3Sn wires in
Fig. 5.39. Evidently, the RHQT Nb3Al wire stands out to be superior to other wires
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Fig. 5.38 Schematic diagram of the RHQT technique developed at NIMS for the production of
long length Nb3 Al conductors. The JR Nbz Al precursor wire is Ohmic heated to 1950 °C, quenched
to 50 °C in Ga bath and annealed at 800 °C [56]. Courtesy T. Takeuchi and with permission from
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Fig. 5.39 Comparison of non-Cu, J; of RHQT processed JR Nb3 Al wire with data on NbzSn wires
prepared by different techniques. The superiority of RHQT wire is quite noticeable at 20-22 T field
[22]. With permission from Alex Braginski (ESNF) and K. Tachikawa
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15T@4.2K NbTilNb,Sn magnet AR
101mm(bore) / 489mm(outer) al-sized insert coil

Fig. 5.40 RHQT NbsAl insert coil built at NIMS, Japan. The coil produced a field of 19.5 T in
a background field of 15 T generated by a Nb-Ti/Nb3Sn combination magnet [57]. Courtesy T.
Takeuchi and with permission from Elsevier

in the field range of 20-22 T. The J. of this wire is surely much higher than the
ordinary JR-processed wire by JAERI.

A test insert coil of RHQT Nb3Al wire has been successfully tested at NIMS
(Fig. 5.40) producing a field of 19.5 T at a current of 242.3 A in a background field
of 15 T provided by a combination Nb-Ti/Nb3Sn magnet [56]. The technique is
now being used for making Nbs Al Rutherford cables for next generation high-field
particle accelerators magnets [57] because of its high strain tolerance.

5.8 The V3Ga Tapes and Multifilamentary Wires

Superconductivity in the A-15 inter-metallic V3Ga superconductor was discovered
by Matthias [58] in 1956. In contrast to worldwide development of Nb-Ti and
Nb;Sn superconductors, work on the development of V3;Ga superconductor has been
followed religiously in Japan at NRIM only. As discussed earlier in this chapter, V3;Ga
has a great potential to carry much larger transport current compared to Nb3Sn at
high magnetic fields. V3Ga also has better mechanical properties and is less sensitive
to strain. It has an added advantage that one needs lower heat treatment temperature
for the formation of V3Ga layer, of the order of 600 °C. The decomposition temper-
ature of V3Ga is 1300 °C which is much lower than 2100 °C for Nb3Sn. Thus, for
the same grain size, V3Ga has to be heated at lower temperature. V3Ga is also an
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attractive material for fusion magnets because it has shorter decay time of induced
radioactivity, 10 years compared to 2 x 10* years for Nb-based superconductors in
a DT fusion environment.

5.8.1 The V-Ga Binary Phase Diagram

The binary phase diagram of V-Ga [59] is shown in Fig. 5.41. V3Ga has a wide
range of composition from 21.3 to 31.5 at.% Ga at 1010 °C, however falls to 21-29
at.% at a lower temperature of 600 °C. This wide range of composition of the A-15
phase makes it an attractive material for application. The highest T;, recorded for the
stoichiometric V3Ga is 15.2 K. 7, decreases as one moves away from the 3:1 stoi-
chiometry. V-Ga system has several other inter-metallic compounds that are Ga-rich.
These compounds are V¢Gas, VeGay, V,Gas and VgGas;. However, only compound
V;3Gacrystallizes in f-tungsten (Cr3 Si) structure and displays superconductivity. The
lattice parameter of V3Ga is a = 4.186 A. This crystal structure persists up to 20 K
below which it undergoes a martensitic transformation quite similar to in several
A-15 Nb and V-based superconductors.
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5.8.2 V3Ga Diffusion Tapes

The importance of V3Ga as a high-field practical superconductor was realized by
Tachikawa at NRIM as early as 1960s. Tachikawa and Tanaka developed a surface
diffusion technique [60] to fabricate long length of flexible V3Ga tapes. The process
consists of two steps. In the first step, a 50-pwm-thick V-tape is passed through a
molten Ga bath heated at 500-600 °C and then through a tube furnace kept at 800
°C. During this process, about 10-pwm-thick layers of V3Ga, and VGa, are formed
on both sides of the V substrate. In the second step, the tape is electroplated with
a 5-pm-thick Cu layer and heat treated at 650 °C. Cu diffuses fast into V3Ga, and
VGa; to form a ternary Cu-V-Ga alloy of low melting point (700-800 °C) which
supplies Ga to form a thick layer of V3Ga. High J. in Zr-doped tapes were obtained
for tapes heat treated at 650 °C for 100 h. Tapes had approximately 30-pwm-thick V
sandwiched between 8 and 10 wm V3Ga layers on either side and outer Cu-Ga layer.

Indeed world’s first highest field (17.5 T) was produced [61] in 1976 by a super-
conducting magnet that used V3Ga as a central coil prepared by the surface diffu-
sion technique at NRIM. The outer Nb3Sn coils provided the background field.
Figure 5.42 shows the magnet with support system without the cryostat on the left

Fig. 5.42 World’s first 17.5 T superconducting magnet operated at NRIM, Japan, in 1976. Inner-
most coil used V3Ga diffusion tape [61]. Left: the magnet without the LHe cryostat. Right: the
magnet under operation cooled by two He liquefiers. Courtesy K. Tachikawa and permission from
Cryogenics and Superconductivity Society of Japan
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and the complete system under operation on the right. The magnet was cooled down
with two helium liquefiers perhaps because large liquefiers may not have been avail-
able around the time. It had a working bore of 31 mm, outer diameter 400 mm and
the height 600 mm.

5.8.3 Bronze-Processed V3;Ga MF Conductors

Tachikawa [60] while preparing V3Ga diffusion tapes found the exemplary role
played by Cu in the growth of the V3Ga layer through its addition to Ga. This finding
led Tachikawa to propose the so-called bronze process [24] for the production of
MF V;Ga wires. The technique has already been discussed in Sect. 5.6.1 for the
MF Nb;Sn superconductors. The methodology is the same except the Nb core is
now replaced by V core and the Cu-Sn matrix by the Cu-Ga (15-20 at.%) matrix.
As discussed earlier, heat treatment temperature for the formation of V;Ga layer is
smaller at 600-650 °C. Significant improvement in J; of V3Ga has been achieved
by adding elemental impurities to core and/or to the matrix and also by changing
the fabrication geometry. Tachikawa et al. [62] reported an improved J. = 1 x 10°
A/cm? (4.2 K, 20 T) by adding simultaneously 6 at.% Ga to the V core and 0.5 at.%
Mg to the Cu-Ga (19 at.%) matrix as shown in Fig. 5.43. The enhancement of J,
is primarily caused by grain refinement of V3;Ga and an accelerated layer growth.
In these attempts, efforts have been made to achieve two objectives. First, that, Ga
has high solubility in V (~ 8 at.%) at 600 °C. A significant amount of Ga migrates
from the matrix and is dissolved into V core before V;Ga formation starts. This
reduces the availability of Ga for V3Ga layer formation. The pre-addition of 6 at.%
of Ga in V core prevents the depletion of Ga in the matrix and consequently results
in an accelerated layer growth and a better stoichiometry of the V3Ga. The second
objective is to restrict the grain growth through Mg addition to the matrix, which
increases the pinning strength and J..

High J. values of V3Ga were also reported by Sharma et al. [63, 64] by fabri-
cating monofilamentary and multifilamentary Cu-V3;Ga composite wires and tapes
by reversing the geometry of the starting billet and using Ga and Mg additions.
Figure 5.44 shows two types of configurations in which the composite billets were
prepared. Configuration 1 is the normal one in which the V core is kept inside the
Cu-Ga matrix. Configuration 2 is a sort of a reverse geometry. The matrix is now used
as core inside a V tube with Cu cladding. Since the matrix has a larger thermal expan-
sion coefficient than V, V3Ga layer in configuration 2 is formed under compression
at the reaction temperature of 600 °C. The layer growth in this new configuration is
much faster than in the normal configuration. The addition of 6 at.% Ga in V and 0.5
at.% Mg in Cu-Ga matrix was also used in both the configurations. The typical V3;Ga
thickness for a 0.65 mm dia. monocore composite wire heat treated at 600 °C for
212 his 1.9 wm prepared in configuration 1, 2.2 wm when prepared in configuration
2 and 4.7 pm when prepared in new geometry (configuration 2) and with Ga and Mg
additions. The Mg addition leads to fine grains and accelerated V3Ga growth through
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Fig. 5.43 I values of the bronze V3Ga composite tapes plotted against magnetic field. 3G and 6G
samples have 3 at.% and 6 at.% Ga, respectively, in the V cores. M represents 0.5 at.% Mg addition
to the Cu-Ga (19 at.%) matrix [22, 62]. Courtesy K. Tachikawa

Cu

VorV-Ga

Cu-Ga or Cu-Ga-Mg

Fig. 5.44 Composite billets prepared in two different configurations. Configuration 1 has V core
in Cu-Ga matrix, configuration 2 has matrix inside the V tube and cladded with Cu [63]. With
permission of Elsevier

grain boundary diffusion. The critical current /. versus B plots for these materials
with additives and in two different geometries can be seen in Fig. 5.45. At all fields
and up to 16 T the I, is higher for configuration 2 compared to those prepared in
conventional configuration 1 and still higher for Ga and Mg additions. The best J. of
V3Ga turns out to be 7.0 x 10° A/cm? (4.2 K, 15 T). The typical V3Ga layer formed
in a sample prepared in configuration 2 and heat treated at 600 °C for 212 h is shown
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Fig. 5.45 Critical current, I,
of bronze-processed V3Ga
composite wires (heat treated
600 °C x 212 h) plotted
against field. Samples (1) are
prepared in conventional
geometry and (2) in reverse
geometry. 65GM samples
have 6 at.% Gain V and

0.5 at.% Mg in Cu-Ga

(19 at.%) matrix [63]. With
permission of Elsevier
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in Fig. 5.46. Note that the Cu-Ga matrix is now inside the V tube as a core and that
a very thin layer (~ 2 pm) of V3Ga is formed. It is this ~ 2-pm-thick V3Ga layer
which carries the entire super current out of the whole cross section of the wire.
We used the results of these studies in fabricating Cu-V;Ga composite wires with
19 composite cores [64]. Each core was now a V tube filled with the matrix and

Fig. 5.46 Typical V3Ga layer formed in a configuration 2 sample heat treated 600 °C for 212 h.
Cu-Ga matrix has been used as core inside the V tube. It is this thin V3Ga layer, which carries entire
supercurrent [63]. With permission of Elsevier



222 5 Conventional Practical Superconductors

finally cladded with a Cu sleeve. The composite was drawn to wires and rolled to
tapes. The geometrical cross section of the composite is shown in Fig. 5.47a. Two
layers of V3Ga are now formed on either side of the V tubes as shown in Fig. 5.47b.
The inner layer has a much faster growth rate compared to the outer layer per unit
matrix volume to surface area ratio and reaches saturation in a shorter time. The
overall J. of this wire with 19 composite cores was significantly higher than the
conventional 19 core wires. These studies again confirm the beneficial effect of Ga
and Mg addition in increasing the J. of V3Ga conductors.

The bronze-processed Cu-V3Ga composite MF wires/cables were manufactured
by Furukawa Electrical Co. [65] on a commercial scale in 1974. Wires were prepared

Matrix
/] Cu-Ga or Cu-Ga-Mg

— Core
VorV-Ga
(@
Outer Inner Outer Inner
V,Ga Layer V,Ga Layer V,Ga Layer V,Ga Layer

(b)

Fig. 5.47 a Geometrical cross section of the billet with 19 composite cores. Each core is a V (or
V-Ga) tube filled with Cu—Ga (or Cu—Ga—Mg). b V3Ga layers are formed on both the side of the
core. The composite billet was drawn to wires and also rolled to tapes [64]. With permission of
Elsevier
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Fig. 5.48 Geometrical
scheme of the cross section
of six twisted wires
Cu-V3Ga each having 55
filaments manufactured by
Furukawa Electric Co. in
1970s by bronze process. In
the centre is a tungsten core
(for strength), overall J. =
3.3 x 10* Alem® (4.2 K,
15T) [65]

by bronze process using a matrix of Cu-Ga (19 at.%) and 55 V cores. Some unspeci-
fied percentage of Zr too was added to the V cores. The wires were drawn to 0.12 mm
dia. size. Six of these wires were twisted with tungsten wire at the centre with a pitch
length of 5 mm. The tungsten core provided mechanical strength to the cable. The
geometrical cross section of the cable is shown in Fig. 5.48. The cable had a final
diameter of 0.37 mm and the filament dia. about 10 pwm. A heat treatment of 700 °C
x 100 h. resulted in a V3Ga layer of 2.9 wm thick. The cable was impregnated with
In. An overall J, = 3.3 x 10* A/em? (4.2 K, 15 T) and B, = 21 T were obtained.
No degradation in J. was observed down to a bending dia. of 20 mm. A 13 T magnet
with 50 mm bore was successfully operated using this MF V3Ga wire. The bronze
technique, thus, works well for V3Ga composites similar to for Nb3Sn.

5.8.4 V3Ga Conductor by PIT Method

As of today, Cu-Nb3Sn composite wires and cables are universally used for high-field
magnet applications; however, interest in the revival of V3Ga conductor might grow
because of the two superior properties of this compound vis-a-vis Nb3Sn. V3Ga has
intrinsically better mechanical properties and a much shorter decay time of induced
radioactivity. The later characteristic property is most relevant at the present time in
the context of its application in future advanced fusion reactors. Advanced fusion
reactors or power plants will have high magnetic fields to confine and maintain
burning deuterium (D)-tritium (T) fusion plasma in steady state. It is estimated that
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burning plasma will generate 14 MeV fusion neutrons during DT reaction. These
neutrons will stream to penetrate superconducting magnets via the numerous ports
provided in the reactor for various inserts. Nb;Sn magnets are considered safe for
ITER as the neutrons penetrating the magnets will be of the order of 10! nm=2 s~!
(>0.1 MeV). Since future reactors will require long steady-state operation to produce
power, neutron streaming and penetration will increase by orders of magnitude. The
magnets will, thus, be operated in harder neutron irradiation environment than the
ITER. Studies show that the decay time of induced radioactivity of the nuclide of
9Nb nuclear transformed from >>Nb is over ten thousand years. The estimated half-
life is ~ 2 x 10* years. The decay time of all the V superconductors, on the other
hand, is of the order of 10 years.

Realizing the merit of V3;Ga superconductor for its excellent property of the
short decay time for induced radioactivity, Hishinuma et al. [66] at the National
Institute for Fusion Science (NIFS), Japan, have preferred to produce Cu-V;Ga
composite wires by the powder-in-tube (PIT) technique and using high Ga contents.
Best superconducting parameters are obtained for 30 at.% Ga samples and heat
treated at 700 °C for 50 h. The J; of the V3Ga layer is plotted against field B in
Fig. 5.49. The best value of J. = 4 x 10* A/em? (4.2 K, 17 T) is obtained for the
700 °C heat-treated sample. Much higher J; and B, of V3Ga can be expected with
suitable elemental additions in PIT technique similar to that achieved in the bronze-
processed V3Ga. Hishinuma et al. [67] later reported enhanced J. and B, in PIT
V3;Ga multifilamentary wires having 12 filaments for high contents of Ga (50 at.%)
and by adding small amount (within 1 at.%) of Mg. The high Ga content produced
a nearly stoichiometric compound with the B, value of 23 T.

Fig. 549 V3Ga layer J;
versus B for a o V,Ga Wire (PIT)
monofilamentary PIT wire.
Best J; obtained for heat
treatment at 700 °C for 50 h
and for a matrix Cu-Ga (30
at.%) [66]. © IOP
Publishing. Reproduced by
permission of IOP
Publishing
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Our discussion on conventional practical superconductors shows that Nb-Ti and
Nb3Sn will remain the workhorse for along time for field generation of 8-9 T and 16—
18 T, respectively. Nb3 Al too might be the material close to commercial production
and could be used for generating field in the range of 19-20 T. Commercial production
of V3Ga seems to be a possibility in near future as the work on future advanced fusion
reactors and accelerators progresses. Although ultra-high-current cables of REBCO
are being developed with an eye on future accelerators and fusion reactors, yet high
cost of REBCO conductor will be a hurdle.

References

—

. ML.N. Wilson, Superconducting Magnets (Clarendon Press, Oxford, 1983)

. M.N. Wilson, Cryogenics 48, 381 (2008)

. PF. Smith, M.N. Wilson, C.R. Walter, J.D. Lewin, in Proceedings of the Summer Study on

Superconducting Devices (Brookhaven National Laboratory, 1968), p. 967

. PR. Critchlow, E. Gregory, B. Zeitlin, Cryogenics 11, 3 (1971)

. E. Gregory, Cryogenics 27, 290 (1987)

. E.W. Collings, Adv. Cryog. Eng. 34, 867 (1988)

J.L. Duchateau, B. Turk, D. Ciaznski, in Chapter B 4.3 Handbook of Applied Superconductivity,

ed. by B. Seeber (Institute of Physics, London, 1998)

8. Masashi Kikuchi, Naoki Ayai, Tomonobu Ishida et al., SEI Rev. 66, 73 (2008)
9. M.P. Oomen, R. Nanke, M. Leghissa, Supercond. Sci. Technol. 16, 339 (2003)

10. J.K. Hulm, R.D. Blaugher, Phys. Rev. 123, 1569 (1961)

11. H.T. Coffey, J.K. Hulm, W.T. Reynolds et al., J. Appl. Phys. 36, 128 (1965)

12. http://boulder.research.yale.edu/Boulder-2000/lectures/larbalestier/larbalestier3.pdf (PPT)

13. A.V. Narlikar, D. Dew-Hughes, J. Mater. Sci. Eng. 1, 317 (1966)

14. H. Krauth, Fabrication and applications of NbTi and Nb3Sn superconductors, in Niobium,
Science & Technology”: Proceedings of the International Symposium, Nb 2001, Orlando,
Florida, USA, 2-5 Dec (2001). http://cbmm.com.br/portug/sources/techlib/science_techno/
table_content/su b_3/images/pdfs/014.pdf

15. G. Hardy, J.K. Hulm, Phys. Rev. 89, 884 (1953)

16. B.T. Matthias, T.H. Geballe, S. Geller, E. Corenzwit, Phys. Rev. 95, 1435 (1954)

17. J. Charlesworth, I. MacPhail, P. Madsen, J. Mater. Sci. 5, 580 (1970)

18. J.E. Kunzler, E. Buehler, E.S.L. Hsu, J.H. Wernick, Phys. Rev. 6, 89 (1961)

19. R.G. Sharma, J. Sci. Ind. Res. 42, 64 (1983)

20. R.G. Sharma, Cryogenics 27, 361 (1987)

21. K. Tachikawa, Cryogenics 48, 337 (2008)

22. K. Tachikawa, European Superconductivity News Forum (ESNF), No. 16 Apr 2011, pp. 1-30

23. A.R. Kaufman, J.J. Pickett, Bull. Am. Phys. Soc. 15, 883 (1970)

24. K. Tachikawa, in Proceedings of the International Cryogenic Engineering Conference (ICEC-
3), lliffle Science and Technical Publications, Surrey, UK (1970), p. 339

25. E. Nembach, K. Tachikawa, J. Less Common Met. 19, 359 (1969)

26. M. Hong, L.W. Wu, J.W. Morris Jr. et al., Adv. Cryog. Eng. 28, 435 (1982)

27. T. Miyazaki, H. Kato, T. Hase et al., IEEE Trans. Appl. Supercond. 14, 975 (2004)

28. H. Sakine, Y. lijima, K. Tachikawa, J. Appl. Phys. 53, 5354 (1982)

29. K. Kamata, H. Moriai, N. Tada et al., IEEE Trans. Magn. 21, 277 (1985)

30. T. Kiyoshi, S. Matsumoto, A. Sato, IEEE Trans. Appl. Supercond. 15, 1330 (2005)

31. K. Okuno, H. Nakajima, N. Koizumi, IEEE Trans. Appl. Supercond. 16, 880 (2006)

W N

NNk


http://boulder.research.yale.edu/Boulder-2000/lectures/larbalestier/larbalestier3.pdf
http://cbmm.com.br/portug/sources/techlib/science_techno/table_content/su

226 5 Conventional Practical Superconductors

32. K. Tachikawa, K. Miyashita, K. Sugiyamaetal., 2T-class 50 Hz AC magnet of 50 mm bore made
by bronze-processed submicronic filament new NbzSn cables, in Proceedings of the ICEC 17,
ed. by D. Dew-Hughes, R.G. Scurlock, J.H.P. Watson (IOP, Bristol, 1998), pp. 439442

33. Y. Hashimoto, K. Yoshijaki, M. Tanetia, in Proceedings of the Fifth International Cryogenic
Engineering Conference (IPC Science and Technology Press, Guildford, UK, 1974), p. 332

34. B.A. Zeitlin, G.M. Ozeryansky, K. Hemachalam, IEEE Trans. Magn. MAG-21, 293 (1985)

35. K. Egawa, Y. Kubo, T. Nagai, T. Sone et al., Adv. Cryog. Eng. (Mater.) 50B, 403 (2004)

36. Y. Kubo, K. Egawa, T. Nagai, T. Sone et al., IEEE Trans. Appl. Supercond. 16, 1232 (2006)

37. W.K. McDonald, C.W. Curtis, R.M. Scalan et al., IEEE Trans. Magn. MAG-19, 1124 (1983)

38. K. Tachikawa, T. Ando, H. Sasaki et al., IEEE Trans. Appl. Supercond. 21, 2533 (2011)

39. J.A. Parrell, Y.Z. Zhang, M.B. Field, P. Cisek, S. Hong, IEEE Trans. Appl. Supercond. 13,
3470-3473 (2003)

40. J.D. Elen, C.A.M. van Beijnen, C.A.M. van der Klein, IEEE Trans. Magn. 13, 470-473 (1977)

41. A. Godeke, A. den Oudenb, A. Nijhuisb, H.H.J. ten Kateb, Cyogenics 48, 308 (2008)

42. J.L.H. Lindenhovius, E.M. Hornsveld, A. den-Ouden, W.A.J. Wessel, H.H.J. ten-Kate, IEEE
Trans. Appl. Supercond. 10, 975 (2000)

43. L.D.Cooley, A.K. Ghosh, D.R. Dietderich, I. Pong, IEEE Trans. Appl. Supercond. 27, 6000505
(2017)

44. Xu Xingchen, Supercond. Sci. Technol. 30, (2017)

45. C.C. Tsuei, Science 180, 57 (1973); IEEE Trans. Magn. MAG-11, 272 (1975)

46. R.G. Sharma, N.E. Alekseevskii, J. Phys. D8, 1783 (1975)

47. R.G. Sharma, Y.S. Reddy, M.M. Krishna, Indigenous development of A-15 superconductors
through in situ technique, in Workshop on Superconducting Magnets and Cryogenics, ICFA,
Brookhaven National Laboratory, Upton, New York, USA, 12-16 May 1986, pp. 127-131

48. J.P. Harbison, J. Bevk, J. Appl. Phys. 48, 5180 (1977)

49. J.D. Verhoeven, D.K. Finnemore, E.D. Gibson et al., Appl. Phys. Lett. 33, 101 (1978)

50. J.L. Fihey, M. Neff, R. Roberge, M.C. Flemings et al., Appl. Phys. Lett. 35, 715 (1979)

51. J.D. Verhoeven, F.A. Schmidt, E.D. Gibson et al., Appl. Phys. Lett. 35, 555 (1979)

52. D.A. Cardwell, D.S. Ginley (eds.), Handbook of Superconducting Materials, vol. 1 (2003).
ISBN 07503 04324. Fig. 3.3.4.1(a), p. 674. Contribution B 3.3.4 “Processing of low Tc
conductors: the composite Nb3Al”, Author Takao Takeuchi

53. Y. Yamada, N. Ayai, A. Mikumo et al., Cryogenics 39, 115 (1999)

54. N. Koizumi, Y. Takahashi, Y. Ninoya et al., Cryogenics 42, 675 (2002)

55. T. Takeuchi, Topical review ‘Nb3Al conductors for high-field applications’. Supercond. Sci.
Technol. 13, R101 (2000)

56. T. Takeuchi, A. Kikuchi, N. Banno et al., Cryogenics 48, 371 (2008)

57. K. Tsuchiya, A. Kikuchi, T. Takeuchi et al., IEEE Trans. Appl. Supercond. 21, 2521 (2011)

58. B.T. Matthias, E.A. Wood, E. Cobbnzwit, J. Bala, J. Phys. Chem. Solids 1, 188 (1956)

59. The Ga-V (Gallium-Vanadium) system. Bull. Alloy Phase Diagr. 2, 201 (1981)

60. K. Tachikawa, Y. Tanaka, Jpn. J. Appl. Phys. 5, 834 (1966)

61. K. Tachikawa, in European Superconductivity News Forum IESNF, 16 Apr 2011, pp. 1-30

62. K. Tachikawa, Y. Tanaka, Y. Yoshida et al., IEEE Trans. Magn. Mag-15, 391 (1979)

63. R.G. Sharma, Y. Tanaka, K. Tachikawa, Cryogenics 21, 165 (1981)

64. R.G. Sharma, Y. Tanaka, K. Tachikawa, Cryogenics 25, 381 (1985)

65. Y. Furuto, T. Suzuki, K. Tachikawa, Y. Iwasa, Appl. Phys. Lett. 24, 34 (1974)

66. Y. Hishinuma, A. Kikuchi, Y. Iijima et al., Supercond. Sci. Technol. 20, 569 (2007)

67. Y. Hishinuma, A. Kikuchi, Y. Iijima, T. Takeuchi et al., IEEE Trans. Appl. Supercond. 19, 2670
(2009)



Chapter 6 ®)
Practical Cuprate Superconductors oo

Abstract Sustained research at R&D centres in several countries yielded huge
success in the production of three most popular cuprates, namely REBCO, Bi-2223
and Bi-2212. The best superconductor the so-called 2G REBCO-‘coated conductor’
is produced by depositing highly oriented thin film of (GdY)BCO on biaxially
textured Hastelloy substrates buffered with a number of oxide layers. The tape
conductor is suitably laminated with Ag-alloy and then a high conducting hard-
ened copper for stability and increased mechanical strength. Critical current density,
J. =20 MA/cm? (30 K, 3 T), has been achieved in (GdY)BCO tape (0.1 mm thick)
deposited on a 30 wm Hastelloy substrate and doped with 25 mol% Zr. The BZO
nanocolumns introduced act as pining centres and enhance the J. to high value. Engi-
neering current density, J. = 586 A/mm? (4.2 K, 20 T), has been obtained in round
wires of (GdY)BCO, fabricated by winding number of narrow tapes over a central Cu
former under condition of 15 mm radius bending. Cables capable of carrying currents
as high as 90-100 kA have been designed for future fusion machine EU-DEMO and
future accelerator detector magnets. Another promising cuprate, Bi-2212 conductor
is produced in the form of round wire by the PIT method using pure Ag matrix. The
round Bi-2212 wire generates a dominant a-axis growth texture and aligns the c-axis
of its polycrystals along the filament axis making Bi-2212 to display a macroscopic
isotropic behaviour. In a landmark development, it was found that J. in Bi-2212 is
limited by the presence of bubbles in the filaments formed by the agglomeration
of porosity in the PIT wires during the heat treatment. These bubbles hindered the
current flow. The bubble problem was overcome by employing an over-pressure heat
treatment which densifies the core material to nearly 100% and allowed Bi-2212
to regrow inside the bubbles. NHMFL developed PIT Bi-2212 flexible round wires
under 100 bar over-pressure which carried a J, = 900 A/mm? (4.2 K, 5 T). The
wire was used for winding a small insert magnet which produced a magnetic field of
2.6 T in a background field of 31 T, thus generating a record field of 33.6 T. Bi-2223
is a tape conductor with anisotropic properties, yet it has sufficiently high J. in the
L field direction. Grain texture and high density in Bi-2223 are achieved by rolling
and sintering the tapes under pressure. The tapes are produced through the standard
PIT technique involving multiple drawing and rolling followed by sintering under
pressure. For high strength, Bi-2223 tapes are laminated with either SS, Cu-alloy or
Ni-alloy. Sumitomo, the only manufacturer of Bi-2223 tape wires, produces a variety
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of Bi-2223 wires suitable for different types of applications. The maximum critical
tensile stress is 400 MPa for the HT-NX wires. HT-G wire has Ag-Au matrix and
used for current leads because of its very low thermal conductivity. HT-AC wires
have very low AC losses. Bi-2223 wires find application in power transmission and
other devices.

6.1 Introduction

High-temperature superconductors (HTSs) continue to be most attractive supercon-
ductors for applications because of their high critical temperature, 7t., and high
upper critical field, B.;. HTSs however suffered from the problem of poor inter-grain
connectivity and large anisotropy in B, and J;. As a result, the critical current in
these materials drops sharply with the application of magnetic field. This prevented
their quick acceptance as high-field/high-current superconductors for the produc-
tion of high magnetic field. For the same reason the hope of replacing conventional
superconductors like Nb-Ti and Nb3;Sn with HTSs was not realized for decades.
The grain boundary problem has however been circumvented to a great extent by
using innovative fabrication techniques which though are complex. The confidence
in producing high-current superconductors has grown rapidly, and a record magnetic
field of 45.5 T has been achieved at NHMFL USA in 2019. Not limited to this, the
design of the high-current REBCO-coated conductor strands and cables for use in
futuristic high-luminosity LHC dipoles and in toroidal magnets for DEMO fusion
reactor is going on at fast pace. Out of a large number of known cuprates, only three
have been identified and pursued to the level of commercial production. These are
REB,Cu;04 (REBCO), Bi;Sr,Ca,;Cu3 Oy (Bi-2223) and Bi,; Sr,CaCu, Oy (Bi-2212).
As discussed in Chap. 3, these materials have layered structure formed during a high-
temperature reaction. Besides having large anisotropy in critical current and critical
field, the superconducting properties of these compounds are extremely sensitive
to the oxygen stoichiometry which needs precise control. Further, the conventional
copper cannot be used as matrix for fabricating HTS wires or tapes because of their
strong reactivity. Only silver or silver alloy can be used which makes the conductors
rather expensive. In the following sections, we discuss these materials how the fabri-
cation techniques evolved over last more than three decades and used for commercial
production.

6.2 2G REBCO Tape Wires (Coated Conductors)

The granular nature of REBCO superconductor was one important reason that J; in
bulk material was disappointingly low and dipping sharply in magnetic field. The
grain boundaries in curates have been found weakly superconducting or even insu-
lating. High critical current densities have however been reported by Chaudhuri et al.
[1]in epitaxially grown YBCO films and by Dinger et al. [2] in YBCO single crystals.
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Fig. 6.1 General scheme of Au/Ag layer
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The critical current within the grain has been found to be quite high ~ 105 A cm ™2
at 77 K. After a few years of intensive research, the focus of R&D activity shifted
from research institutes to superconductor industries culminating in their commercial
production. The straight forward method to fabricate flexible wires and tapes with
powder materials is the usual powder-in-tube technique or the so-called PIT tech-
nique. Thermal stability criterion requires superconductor to be co-processed with
high conductivity material like copper, but HTS cuprates have been found reacting
with copper during heat treatment. Soon after the discovery of superconductivity
in YBa,;Cu30y, the author, through a systematic study on a number of materials,
had found only silver to be a safe cladding material [3] for YBCO wires and tapes.
Silver addition as much as 60 at % was found neither affecting the crystal structure
of YBCO nor the 7. Ag tubes have therefore been used to fabricate YBCO wires
and tapes. Since silver is too soft a material, Ag-alloys have been specially devel-
oped to process wires to have higher mechanical strength. Weak superconductivity
in grain boundaries proved to be the stumbling block in achieving reasonably high
transport J.. in cuprates. The strategy adopted to make wires with high J; therefore
shifted to deposition of highly oriented thin film of YBCO on biaxially textured
substrates with grain misalignment < 5° and suitably laminating with Ag-alloy. This
in turn is then laminated with a high conducting hardened copper for stability and
mechanical strength. The general scheme of various layers deposited is shown in
Fig. 6.1. Sophisticated techniques such as ion beam-assisted deposition (IBAD),
rolling-assisted biaxially textured substrate (RABiTS) and inclined substrate depo-
sition (ISD) have been employed by various R&D laboratories. American Supercon-
ductors (AMSC) markets this product under the brand name Amperium wire having
a single coat of 1.2-pwm-thick YBCO film. This 2G HTS wire has a critical current
(1) of 500 A/cm w (77 K, self-field). The two techniques used for the production
of the 2G superconductor, IBAD and RABiTS, were developed under DAE (USA)
programme at Los Alamos National Laboratory (LANL) and the Oak Ridge National
Laboratory (ORNL), respectively. The LANL perfected IBAD process. It involves
pulse laser deposition of the preferentially oriented buffer layer on the top of commer-
cial Hastelloy tape. Four ion beams are used to grow yttria-stabilized zirconia (YSZ)
crystals with one orientation on top of the ceramic oxide buffered Hastelloy. Excel-
lent lattice match between YBCO and YSZ leads to highly oriented YBCO film. The
ORNL followed RABITS which involves the fabrication of long lengths of biaxially
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textured Ni tapes. Suitable oxide buffer layers are then grown to transfer the orienta-
tion to the YBCO layer. In both the processes, YBCO is deposited using pulse laser
deposition (PLD). Even at 64 K, 2G tapes have J; better than traditional Nb-Ti and
Nb3Sn conductors which need liquid helium for operation. The temperature (64 K) is
conveniently provided by pumped liquid nitrogen or by cryocoolers. It is far superior
to the first-generation BSCCO-2223 tapes (to be discussed in this chapter). Even
along the c-direction, J; in 2G tapes at 64 K and 8 T field is much higher than the J,
value for the BSCCO-2223 at 77 K and self-field.

Figure 6.2 shows the architecture of the 2G HTS tape manufactured by Super-
Power. To begin with, a Hastelloy C-276 substrate 12 mm wide is electroplated
to have a clean and smooth surface for the deposition of the buffer and supercon-
ducting layers. Preferentially oriented buffer layers are then grown on the substrate
by IBAD/magnetron sputtering over which (RE)BCO film of 1 pm thickness is
deposited by metal organic chemical vapour deposition (MOCVD) technique. A
2 wm silver layer is deposited next by sputtering. The composite tape is finally lami-
nated on both sides with 20-pwm-thick layers of hardened high conducting copper
which provides strength and stability. The Hastelloy C-276 substrate provides high
mechanical strength to the tape. The stress limit rises to 700 MPa and the yield stress
to 970 MPa (77 K) @ 0.92% strain. High /. value of 310 A/cm width (77 K) fora 1.1-
pm-thick HTS film has been obtained by doping with Zr and by introducing nanode-
fects. These defects create efficient pining sites and increase J.. A world record of
magnetic field of 27.4 T was established in 2009 at NHMFL (Florida State Uni.) using
this 2G HTS central coil in a background field of 19.9 T. Later, in 2012, NHMFL
has generated a field of 32 T (@4.2 K) using 2G REBCO tape in a background field
of 20 T provided by the resistive magnet. More recently, NHFML produced a record
field of 45.5 T using the innermost coil of REBCO-coated conductor.

The lift factor defined as I.(T, B) / I. (77 K, sf), the ratio of the critical current /. at
atemperature and field to the value at 77 K and self-field of the SuperPower 2G wires

Electroplating

Copper Stabilizer

Sputtering
Silver Overlayer

MOCVD

(RE)BCO - HTS (epitaxial)
IBAD/Magnetron Sputtering
Buffer Stack

Electrapolishing
~0.2 pm Substrate

20 pm

Fig. 6.2 Architecture of the 2G HTS (REBCO) tape conductor, manufactured by SuperPower.
Copyright SuperPower Inc. 2014, image provided courtesy of SuperPower
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Fig. 6.3 Dependence of the lift factor, I.(T, B)/1.(77 K, sf) on magnetic field in SuperPower 2G
HTS-coated conductor SP wire ID M3-909-3 at 65 K, 50 K, 40 K and 20 K (data 2014). a Field
parallel to a—b plane and b field parallel to c-axis. Copyright SuperPower Inc. 2014, images provided
courtesy Yifei Zhang

are plotted in Fig. 6.3 in two orientations. The current, I, in B//ab plane orientation
shows very little drop with magnetic field compared to the B//c-axis orientation up
to 9 T. The lift factor goes up by a factor of more than 6 as the temperature is lowered
from 77 K to 4.2 K. In B//ab plane, I. goes up to still higher values.

Figure 6.3 shows dependence of the lift factor, I.(T, B)/1.(77 K, Sf) on magnetic
field in SuperPower 2G HTS-coated conductor SP wire ID M3-909-3 at 65 K, 50 K,
40 K and 20 K in field parallel to a—b plane and field parallel to c-axis. This wire is an
advanced pinning (AP) type. BaZrOs (BZO) nanocolumns were introduced into the
REBCO layer and engineered along the c-axis to enhance the in-field performance.
At low fields, the enhancement of /. at reduced temperature is very significant. At
4.2 K, the wire carried a current of 500 A/cm width in a field of 17 T//c-axis in
2014. By 2020, the critical current was improved to as much as 813 A/cm width an
impressive increase of about 60%. In B//a—b orientation, I, will further go up by
a factor of 5-6. Such high values of /. established the efficacy of the material as a
high-field conductor. The engineering current density J. of these wires measured at
NHMFL up to 30 T field is ~ 3000 A/mm? at 4.2 K in B//a—b orientation. This value is
far above the values for the best Nbs;Sn conductor. The /.-B behaviour of SuperPower
2G HTS tapes in B//c orientation at temperatures ranging between 77 and 4.2 K in
the year 2014 and the year 2020 is shown in Fig. 6.4a, b, respectively. It is noticed
from the set of these two figures that the improvement in /.-B behaviour of the
SuperPower over last five years had been very impressive. Intense work is going on
in the development of high-current cables for future accelerators and fusion reactors.
Detailed description of the SuperPower 2G-coated conductors can be found in [4].

High values of J. in 2G HTS manufactured by SuperPower [5] are attributed to the
introduction of nanoscale flux pining centres through RE-substitution (replacing Y
partially by other RE) and with elemental addition to the precursor. The thickness of
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Fig. 6.4 a I.-B behaviour of SuperPower 2G HTS tapes in B//c orientation. Notice I, = 500 A/cm
width (4.2 K, 17 T) in 2014, b in 2020, the /. has improved to 813 A/cm width in B//c orientation.
These I. values will go up further by a factor of 5-6 in B//a—b plane. Copyright SuperPower Inc.
2014, 2020, images provided courtesy of Yifei Zhang, SuperPower

the finished tape is only 0.095 mm which increases engineering current density signif-
icantly. The resistive substrate, Hastelloy, provides high strength to the conductor,
reduces AC losses, minimizes eddy current losses and also reduces ferromagnetic
losses. The critical stress for /. degradation too is high at 700 MPa depending upon
the copper fraction. The wide tape can be spliced into narrow 2-mm-wide tapes which
have been successfully used for fabricating high-current cables by winding the tape
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around a central core in multi-layer configuration, the so-called conductor on round
core (CORC). Coated 2G conductors are increasingly used for building high-field
magnets and for power applications.

6.2.1 Enhancement of J. Through Heavy Doping

Great advancement has been made in enhancing critical current density of REBCO-
coated conductors through heavy doping by Selvamanickam et al. [6-8]. Critical
current density, J., as high as 20 x 10% A/cm? (30 K, 3 T) has been reported [6] in
(GdY) Ba,Cu30x films doped with as much as 25 mol % Zr. Pinning force as high
as 1000 GN/m? (20 K, 5-7 T) has been obtained in these tapes. High J; in the doped
films is caused by an effective flux pinning by highly c-axis aligned barium zirconate
(BaZrOs3 or BZO) nanocolumns defects with a defect density of 7 x 10''/cm?, and
the particles rich in Cu and Zr of 2-3 nm size observed in the microstructure. The
sample had high lift factor in I. at 30 K. It thus turns out that tapes having J. below
4 x 10° A/em? (77 K, sf) should have high (Ba + Zr)/Cu composition ratio between
0.7 and 0.8 and well-aligned BZO nanocolumns in order to have a high lift factor
(~6)at30K,2.5T.

The . of the 12-mm-wide tape at 30 K and at 3 T field turns out to be 2195 A
which corresponds to an engineering current, J, = 1829 A/mm?, taking the thickness
of the tape as 0.1 mm and that of copper stabilizer as 40 pm. The composition of the
film measured by inductively coupled plasma spectroscopy shows the ratio Ba: Zr:
Cu to be 0.394: 0.032: 0.574 an ideal composition to achieve a lift factor %
of > 6(30 K, 3 T). A lift factor of > 6 has indeed been obtained in these tapes. ‘

Selvamanickam’s group deposited epitaxial films of GAYBCO with Zr addition
on LaMnOs-terminated biaxially textured buffer layers of MgO deposited by ion
beam-assisted deposition (IBAD) on a 50-pwm-thick and 12-mm-wide Hastelloy
C276 substrate. MOCVD using a liquid precursor delivery system was followed
for growing the films. Standard tetramethyl heptanedionate (thd) precursors were
used for all components. Precursor flow rate controlled the deposition rate of the
film to 0.1 pm/min. Films 0.9 wm and 1.1 wm thick were grown for several studies.
2.2-pm-thick films were also deposited in two passes 1.1 pm thick in each pass. Film
thickness is controlled by the speed of the substrate movement. Figure 6.5 shows
the dependence of critical current of a 2.2-pum-thick GAYBCO tape with 20 mol%
Zr along with the best 0.9-pwm-thick films with 7.5%, 15% and 25% Zr addition at
30 K and in field parallel to c-axis [7]. A high value of critical current, I, = 2797
A (30K, 57T), for the 12-mm-wide and 2.2-pum-thick 20 mol % Zr-added film has
been achieved. The lift factor of 5.1 found in critical current at 30 K, 3 T is about 2.4
times the lift factor of the commercial 7.5 mol % Zr-added tapes.

Detailed critical current measurements bring out the fact that the values of critical
current, I, and critical current density, J., of 2.2 pm GdYBCO tape with the addition
of 20 mol % Zr are quite high up to the measured fields of 9 T applied along the
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c-axis and in the temperature range of 30-77 K as shown in Fig. 6.5. The typical
engineering current, Je, at 40 K and in 3 T field comes out to be 236 A/mm? taking
the typical thickness of the copper stabilizer as 40 wm. This value happens to be 3.8
times higher than the J. value of the best commercial HTS tapes. Table 6.1 gives the
values of /; and J, measured in a magnetic field of 3 T and at different temperatures,
namely 40 K, 50 K, 65 K and 77 K. Figure 6.6 shows the plots of critical current (I..)
and critical current density (J.) of a 2.2-pwm-thick GAYBCO + 20 mol% Zr against
magnetic fields up to 9 T applied along the c-axis at different temperatures between
30 and 77 K.

The target critical current for the group was to achieve 3000 A/12 mm width at
30 K and 2.5 T required for a 10 MW wind generator. The measured value of /. was
found to be 4206 A/12 mm width (30 K, 2.5 T) thus far exceeding the target value. In
fact, this value of /. was more than 5 times the best /. available in commercial-coated
conductors at the time.

Table 6.1 Critical current (/;) and critical current density (J;) of a 2.2-pum-thick GdYBCO +
20 mol% Zr tape in a magnetic field of 3 T (B//c) at different temperatures (4077 K)

Parameter Unit Temperature

40K 50K |65K |77K
Critical current/12 mm, width, I. @ 3T | A 2833 1881 | 805 184
Critical current density, J. @ 3T MA/cm? | 10.1 7.1 3.1 0.7

Data compiled from [7]
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Fig. 6.6 Dependence of critical current (/) and critical current density (J;) of a 2.2-pm-thick
(GdYBCO + 20 mol% Zr) tape on magnetic fields up to 9 T. Field is applied along the c-axis at
different temperatures between 30 and 77 K [7]. Courtesy V. Selvamanickam and permission of IOP

6.2.2 Development of Flexible Fine Round REBCO Wires
with High Mechanical Strength

Ultra-high field REBCO tapes have not so far been fully exploited for building
magnets generating field, far above 20 T. This is because of its geometry with large
aspect ratio and high axial strain close to the irreversible strain (¢j;) experienced
under large Lorentz force. Selvamanickam and co-workers developed round wires
[9] with 1.6 mm diameter by winding helically a single layer 2-mm-wide REBCO
tape around a 0.8 1 mm copper former. High critical current has been obtained in these
wires by using the best tape and optimizing twist pitch under combined torsion and
compressive strains. Use of small diameter of the Cu former and small thickness of
the REBCO tape make these wires extremely flexible which is essential for winding
magnet coils. Flexibility of the wire also helps in reducing strain experienced by the
REBCO layer due to the shift of neutral axis close to REBCO layer. The architecture
of the composite REBCO tape chosen is one which uses a thinner substrate and thinner
Cu stabilizer on one side only. These wires were characterized for critical current vis-
a-vis effect of bending over a wide range under torsion as also under compressive
strain. The authors [9] have studied several architectures of REBCO tapes with
different thicknesses of the substrate and the Cu stabilizer. The architecture was so
optimized that tapes were produced with maximum flexibility and with sufficiently
high /. which is not affected by bending the tapes over small diameter.

Three architectures of the REBCO tape, namely S2, S3 and S4 were chosen. The
substrate thickness in all the three tapes was kept 22 wm instead of standard 50 pm
and the thickness of the Cu stabilizer as 20 pwm, 10 pum and 30 pm, respectively. All
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Table 6.2 Architectural parameters of three REBCO-coated conductors (S2, S3 and S4) with
different thicknesses of Cu stabilizer

Parameter Unit REBCO-coated conductor

S2 S3 S4
Silver back layer pm 1 1 1
Hastelloy substrate pm 22 22 22
Buffer layers pm 0.2 0.2 0.22
REBCO layer pm 1 1 1
Silver overlayer pm 2 2 2
Copper stabilizer pm 20 10 30

Data compiled from [9]

the architectural parameters of the 3 tapes are given in Table 6.2. These tapes were
wound spirally over a 0.81 mm diameter Cu former with different pitch lengths of
2.8,3.3,4, 6 and 8 mm. In the winding, REBCO layer faced inward and Hastelloy
outwards. /. measurements were carried out on flat tapes as well as after bending
them over the 0.81 mm former. The S2 tape in which the REBCO layer remains
close to the neutral axis (zero strain) and experiences minimum strain turned out
to be the best with little impact of compressive strain on /.. This tape was flexible
and had enhanced mechanical strength and thus did not show degradation in /. at
a small diameter of 0.81 mm. Thus, 20-pm-thick Cu stabilizer was accepted as the
optimum value for providing high I retention and at the same time keeping the
overall diameter of a six-layered round wire small.

An engineering critical current density, J. = 141 A/mm? (77 K, sf), was obtained
in this tape in a straight condition. No /. degradation was observed when the six-layer
round wire was bent over 6 cm diameter. /. however decreased by 17% when the
wire was bent over a diameter of 3 cm yielding a J. = 117 A/mm? (77 K, sf). These
results are quite encouraging and make these fine round wires of REBCO-coated
conductor attractive for high-field magnets. NHFML has indeed generated a record
field of 45.5 T in 2019 using ultra-thin REBCO tapes.

6.2.3 Next Generation High-Current REBCO STAR Wire
Jor Compact Magnets

After the successful development of flexible and small diameter high-current round
wires, the Selvamanickam group proceeded to fabricate highly flexible high-current
symmetric tape round (STAR) REBCO wires which meet the requirement of compact
magnets to be used in accelerators, like the canted cosine theta (CCT) magnet. The
conductor suitable for a CCT magnet must have a J, = 540 A/mm? (4.2K,21T) and
abending radius as small as 15 mm. Luo et al. [10] fabricated STAR wires of diameter
ranging between 1.68 and 1.97 mm using six and eight layers of thin REBCO tapes of
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2.5 mm width. To prevent I. degradation due to bending strain effect, the tapes were
always wound at an angle of 45°. Engineering current densities, J,, of 438 A/mm?
(4.2K,20T) and 299 A/mm? (4.2, 31.2 T) were obtained under condition of 15 mm
radius bending. Sample designated as STAR wire no. 5 in [10] containing eight layers
and filled with Indium after bending exhibited an /. = 909 A (4.2 K, 31.2 T). Each
layer of the wire had one 2.5-mm-wide tape with thicker copper layer facing inward.
Winding of tapes of fixed width in each layer resulted in a gap between the turns
which increases with increasing layer number. These gaps reduce the excessive strain
on the tapes by allowing the tapes to slide and adjust, while the STAR wire is bent
to a smaller radius. A highest value of J, = 296 A/mm? (4.2 K, 31.2 T) has been
reported.

The Selvamanickam group miniaturized the REBCO tapes and the STAR wires
and yet the wires carried large current in high field and did not show degradation while
bending the wires to 15 mm radius. Kar et al. [11] recently followed an innovative
process to realize highly flexible isotropic round STAR wires with J. almost 30%
higher than the value reached by them a year ago. They were able to get a J. =
600 A/mm? (4.2 K, 20 T) at a bend radius of 15 mm. The strategy adopted by
them was to prepare ultra-thin REBCO tapes, as thin as 50 pm by using 10-18-pm-
thick Hastelloy substrate. The 12-mm-wide tape was laser slit to 1.4-2.6-mm-wide
tapes. Silver (2-3 pm thick) was deposited on the REBCO layer and 1 pwm on the
substrate side by magnetron sputtering. Silver layer helps in the electrodeposition
of Cu stabilizer. Optical shields were developed to deposit Ag on the REBCO film
side primarily to bring neutral plane close to REBCO layer. The neutral plane may
however shift because of the poor yield strength of Cu or in case the yield strength of
Hastelloy is exceeded during plastic deformation caused by the winding of the tapes
on Cu former. Two formers of diameter 0.81 and 0.51 mm were used in the studies.
Since the tape is composite in nature, its neutral plane is not the centre of the tape,
and the thickness of the copper stabilizer was adjusted in relation to the substrate
thickness to position the REBCO film near the neutral plane.

The new series of STAR wires, named by the authors as ‘Next Generation STAR’
(NGS) wires have been designed on the basis of locating the neutral plane in the tape
as a function of bending radius, that is, the former diameter and the number of layers.
To increase the ratio of REBCO to Cu, the width and thickness of the symmetric
tapes were varied in each layer. Tapes with thinner substrates (10 wm) and small
widths were wound in the inner layers, while the tapes with 18-pum-thick substrates
and 2.6 mm widths were wound in the outer layers. This is the key feature of the NGS
wire that led to high J., enhanced mechanical performance and made them amiable
to small diameter bending without /. degradation. For carrying out comprehensive
superconducting parametric studies, Kar et al. [11] prepared a number of NGS wires
in different configurations. They chose different former diameters, different widths
and thicknesses of the tapes, different number of layers and finally prepared wires of
diameters 1.3, 1.75, 1.98 and 2.04 mm. Specifications of these NGS wires in straight
form and at 15 mm radius bending and the /. and J. values (77 K, sf) are tabulated
in Table 6.3. The thickness of the REBCO tape used in all the wires was & 50 pm.
Table 6.4 gives measured critical current and engineering current density data of all
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Table 6.3 Specifications and critical currents in four NGS? wires S1, $2, §3 and S4 at (77 K, sf)
in straight form and at 15 mm radius bending, REBCO tape thickness ~ 50 pm in all the wires

NGS | Cu former | Number |Total | NGS wire | I in Je in I in Je in

wire | diameter | of layers® | width | diameter | straight |straight |15mm |15 mm

No (mm) of the | (mm) wire (A) | wire Bending | Bending
tape (A/mm?) | (A) (A/mm?)
used
(mm)

S1 0.81 8 19 1.75 571 237.5 494 205.8

S2 0.81 9 23 1.98 > 600 > 195 548 178.1

S3 0.51 6 114 |1.30 422 318.3 400 301.5

S4 0.51 12 27 2.04 > 600 >183.6 | 766 234.5

ANGS wires New generation star wires
bDifferent layers use different widths of the REBCO as explained in the text
Data compiled from [11]

Table 6.4 Critical current, /., and engineering current density, Je, of the 4NGS wires, S1, $2, §3
and S4 at 4.2 K and field as indicated in the column

Wire Sample I. (A) Jo (A/mm?)
No Wire Value | Temperature |Field | Value Temperature | Field
Diameter (K) (T) (K) (T)
(mm)
S1 1.75 966.5 |4.2 20 402 4.2 20
S2 1.98 734 4.2 26 208.5 4.2 20
S3 1.30 778 4.2 20 586 4.2 20
416 4.2 31.2
S4 2.04 1331 4.2 26 353.8 4.2 20
1100 |42 30
1300 |42 23

Data compiled from [11]

the 4 NGS wires at 4.2 K and different fields. Sample S4 with maximum tape width
of 27 mm and maximum diameter has the maximum /., but the J, turns out to be
the highest in NGS wire S3 at all fields up to 31.2 T. The wire S3 has the smallest
diameter of 1.30 mm and exhibits highest retention of 1. (95% at 77 K) in 15 mm
radius bending.

The §3 wire sustained a Lorentz force of 15.5 kN/m at a J, of 586 A/mm? (4.2
K) and no degradation was observed. Three reasons seem to be pertinent to the excel-
lent performance of these wires. (1) Very thin former 0.51 mm diameter which makes
the wire ultra-flexible making them capable of bending over very small (15 mm)
radius without degradation in /., (2) variation in tape thickness in each layer results
in high level of retention of I. in bend state, and (3) variable twist pitch in different
layers causes inter-turn gaps allowing tapes to slide under high Lorentz force. By
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all accounts, it appears that these highly flexible NGS wires are going to fulfil the
requirements of the CCT magnets sooner than expected.

6.2.4 High Engineering Current Density (J.) in REBCO
Wires

High irreversibility field and high mechanical strength possessed by the HTS 2G
REBCO-coated tape wires have made this material very attractive for magnet-
based applications. High-field magnets require very high engineering current density.
SuperPower followed a novel technique to increase J, by about 35% by changing the
architecture of the conductor. SuperPower found an innovative way to increase J. by
reducing the cross section of the wire without affecting the superconducting param-
eters of the REBCO film. The complete process followed at SuperPower is like this:
Hastelloy C-276, 12-mm-wide and 30-pm-thick tape electro-polished with a surface
finish of 1 nm has been used as the substrate. Next, amorphous layers of alumina and
yttria were sequentially deposited on the substrate at room temperature by reactive
magnetron sputtering of the metal targets. Alumina serves as a diffusion barrier to
the cations from the substrate, and yttria provides a pristine surface for the nucle-
ation of the ion beam-assisted deposition (IBAD) MgO film which was deposited by
ion beam sputtering of MgO at room temperature with texture control. To provide a
good lattice match with REBCO, a cap layer of LaMnO3 (LMO) is deposited next.
MgO and LMO are also deposited sequentially in the pilot-buffer system. Various
parameters like texture, grain-grain alignment (110), pole figure, etc., of LMO were
measured and controlled during the deposition to monitor and maintain the quality
of the film. The REBCO layer was deposited using a MOCVD system with 7.5%
Zr-doped precursor. At this stage, a 2-pm-thick Ag overlayer was deposited on the
REBCO layer by cylindrical magnetron sputtering. This was followed by the deposi-
tion of 2 um of Ag, oxygen annealing and the deposition of Cu stabilizer of desired
thickness. Ag protects the REBCO layer from reaction contamination, provides good
current transfer to the REBCO layer and 