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Commemorating One Century of Advances Since
Superconductivity’s Discovery



Preface

While the international community celebrated the centennial anniversary of su-
perconductivity, we were working hard to write this book in its memory. To date
superconductivity has gone a long way to reach the point of applications, but it is
still far from being widely used. Many of scientists and engineers in the world dur-
ing the past century have contributed their entire life to superconductivity without
regret! We are just a few of the players in the “relay race of superconductivity”.
We wish to promote the development of superconductivity in terms of the book
we have just finished. This book consists of three parts: theory, experiment and
application of superconductivity. The theory is basically out of the mainstream of
theoretical studies in the community of superconductivity, indicating a new method
for theoretical investigations that looks hopeful in unveiling the mystery of super-
conductivity. The second part consists of first hand experimental investigations and
analyses of new superconductors discovered during the past years. The phenomenol-
ogy derived from experimental work forms the foundation for verifying the validity
of theoretical conjectures and provides new insights into advancing the science and
technology of superconductivity. Lastly, the third part is one of the most successful
applications of high-temperature superconductor (HTS) YBa2CuzO7is (YBCO) in
mass transportation: high-temperature superconductive maglev train (HTSMT).
China made the first HTSMT prototype under the leadership of Jia-Su Wang and
Su-Yu Wang fourteen years after the discovery of the first HTS Lay_,Ba,CuQOyss
(LBCO). It is likely that it will become the safest, fastest, and most comfortable
and environment-friendly means of mass transportation in the years to come.
Firstly, I would like to take this opportunity to express my heartfelt thanks
to all the co-authors, Drs. T.-P. Chen, Shi-Xue Dou, Jia-Su Wang, Judy Wu and
Nai-Chang Yeh, who made great contributions to the book with their first-hand in-
vestigation data. Also, my thanks go to Dr. Fu-Sheng Pan, President of Chongging
Academy of Science and Technology, China, who has provided me with the support



i Endless Quests

and resources to complete the book. My work on writing the book was as well sup-
ported by Southern University and A&M College, USA, for my sabbatical leave,
during which the book was started, and also for most of research results that were
completed with Dr. Yuriy M. Malozovsky during the period when I served the in-
stitution from 1989-2012. My appreciation goes to Dr. D. Bagayoko, Chairman of
the Department of Physics, Southern University and A&M College, USA, who has
encouraged me to look for the physical picture of Cooper pairing due to Coulomb
interaction during the difficult years when Dr. Malozovsky and I were trying to
convey to the superconductivity community our new concept that superconductiv-
ity originates from repulsive Coulomb interaction between electrons. That is the
work entitled “Sign Reversal of the Coulomb Interaction between Quasiparticles in
Momentum Space.”* Now, it is much easier for one to understand Cooper pairing
without invoking electron-phonon interaction that in fact leads to metal-insulator
transition. Moreover, my appreciation goes to Dr. Han Zhang, Peking University,
and Dr. Ju Gao, University of Hong Kong, as well as Dr. Haiging Lin, Chinese
University of Hong Kong, who all have been my everlasting supporters in the se-
ries of New?SC Conferences which I initiated and chaired. As é matter of fact,
I have adopted the suggestion of Han Zhang for the title of this book. Lastly, I
wish to show my special appreciation to Dr. Malozovsky, my colleague in Southern
University and partner in research for our common interest in superconductivity
mechanism and origin. Since he joined my research group in USA in 1992, he has
cooperated with me together in research without discontinuity. Dr. Malozovsky is
a hard-working scientist with genius and diligence. He remains his enthusiasm in
superconductivity exploration till today.
Finally, it is my wish that the publication of this book will shed some light on
unveiling the mystery of superconductivity.
J. D. Fan
Chongqing Academy of Science and Technology
Chongging, China
May 2014

*J. D. Fan and Y. M. Malozovsky, International Journal of Modern Physics B, 27, 15 (2013)
1362035.
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Part 1

Theory of Superconductivity






Chapter 1 Diagrammatic Iteration Approach
to Electron Correlation Effects and Its

Application to Superconductivity

J. D. Fan! and Y. M. Malozovsky?

1.1 Introduction

One century has passed since Kamerlingh Onnes discovered the first supercon-
ductor in 1911. How much does one really understand superconductivity today?
Yes, one did make a big step forward in explaining and describing superconduc-
tivity on the basis of BCS (Bardeen-Cooper-Schrieffer) theory [1]. In comparison
to semiconductors and lasers, however, the development of superconductivity is
rather slow. This fact itself implies that something in one’s investigations of super-
conductivity must be inadequate, which prevents one from well understanding it.
In the community of superconductivity it seems that one tries to establish a new
mechanism theory for high-temperature superconductivity (HTS),while preserving
the BCS theory for conventional superconductors. We believe that an acceptable
and complete theory of superconductivity mechanism must be able to cover both
low- and high-temperature superconductivity and possibly predict something new,
while explaining a series of experimental phenomena consistently and uniquely.
The attempt to parallely keep two mechanism theories for superconductivity is not
desirable. In other words, conventional superconductivity should be a natural con-
sequence of a general theory of superconductivity at some extreme physical and
structural conditions. This is more or less like the relationship between relativity

and classical mechanics, where in the condition of V' <« ¢, where V is speed of

1Chongqing Academy of Science and Technology, Chongging, China.
2Southern University and A&M College, Louisiana, USA.
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motion and c¢ is the speed of light, kinetic energy K = (m —mq)c? with m and mg
being the mass in motion and the rest mass, respectively, inn relativity tends to the
classical formula K = mV?/2, or that between Planck’s theory and Rayleigh-Jeans
law for the blackbody radiation law in quantum mechanics, where at low frequency
v Planck’s formula is in agreement with the Rayleigh-Jeans law.

In this chapter, the main goal is to introduce a method termed diagrammatic
iteration approach (DIA) to deal with many-particle systems and its application
to superconductors. Before that we have summarized several points on the issues
existing nowadays in the superconductivity community. Our attention is focused

on the issues produced from the BCS theory and those followed from it.

1.2 A brief on the development of superconductivity
theory

Before high-T, superconductors (HTS) were discovered, one understood supercon-
ductivity based on the BCS theory in terms of the mean field approximation (MFA)
applied to superconductivity leading to a great simplification of Hamiltonian-the
BCS Hamiltonian with the concept of Cooper pairing. Since J. G. Bednorz and K.
A. Mueller discovered the first cuprate superconductor with T;. ~ 35 K in 1986 [2],
the BCS theory has appeared to be helpless in understanding and explaining the
phenomena experimentally observed in cuprates despite of many efforts devoted to
improving it with the basic assertion that attractive interaction is needed between
two electrons, but none of them is really successful.

In 2001, a binary compound MgB; was discovered to be a superconductor at
39 K [3]. This success has promoted a great deal of new excitement in seeking new
compounds with higher transition temperature and generated considerable interest
in the mechanism of superconductivity. This excitement was enhanced in Septem-
ber of the same year by the increase in transition temperature T, of fullerenes
Cgo to 117 K in terms of the field effect transistor setup [4]. The euphoria re-
sulting from the discovery of the first cuprate high-T, superconductor in 1986 has
gradually faded in the past decade due to frustrations in reaching a consensus

in understanding superconductivity [5]. The major issue still rests in consistently
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explaining a large number of anomalous properties observed in high-7,. cuprates
and understanding both low- and high-temperature superconductivity in a unified
framework. Following the discovery of MgB,, a variety of experimental measure-
ments has been performed all over the world attempting to identify its proper-
ties for better understanding of the mechanism of superconductivity. Among them
are, for instance, the measurements of thermoelectronic power and resistivity of
Mg;_,Al, By by Chu’s group [6], indicating a decrease of T, with Al doping and no
phonon drag contribution to the thermoelectric power of Mg; Al B, and identifi-
cation of the isotope effect by Bud’ko et al. [7, 8], giving the isotope effect exponent
a = 0.32 smaller than apcg = 0.5. Measurements of the superconducting gap were
carried out with a variety of techniques such as NMR, tunneling, high-resolution
photoemission spectroscopy, scanning tunneling spectroscopy, IR reflectivity, spe-
cific heat, etc. [9-19] It showed the gap A ranging from 2—8 meV; in particular,
the measurements of the Raman spectroscopy [10] produce 24, /kpT. = 1.6 and
24, /kpT. = 3.7. Karapetrov [20], Lorenz [21] and co-workers found the negative
change of T, under high-pressure. Measurements of the penetration depth A [22-
26] and the electron-phonon coupling constant [24] were also performed, yielding
AMgB, ~ 2 > Apcs ~ 0.4. These measurements have confirmed that MgBs; is a
type-II superconductor with two gaps. Specific heat measurements [9, 27] support
the s-wave symmetry of the gap [10], while existing tunneling data are not con-
sistent with each other, which are in part attributed to junction interface flaws.
From the clear isotope effect and s-wave symmetry of the superconducting gap,
one claims MgB5 as a BCS-like superconductor mediated by phonons. However, its
structure similarity to a cuprate superconductor and rather high T, casts a shadow

on the claim.

Theoretically, based on the fundamental concept of Cooper pairing, Kortus et
al. [28] calculated the electronic band structure of MgB, and reached at a consistent
picture for the Fermi surface and suggested that pairing results from the strong
electron-phonon interaction and the high-frequency phonon associated with the
light boron element. Many of the experimenters also support this point based on
the fact of the isotope effect and a BCS-like superconducting gap structure, while
others (8] indicate that the gap in MgBs, is too small to account for its high T.. The
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existing data of electron-phonon coupling measurements are not strong enough to
reach as high T as 39 K in contrast to the measurement of Walti et al. [27] that gave
rise to a coupling constant as high as 2.0. Hirsch suggested a universal mechanism
of superconductivity from his assertion that electron and hole are asymmetrical due
to the Coulomb interaction. He emphasized [29] that (Cooper) “pairing of electron
carriers cannot drive superconductivity” and “holes in nearly full bands yield the
low normal state conductivity and high-temperature superconductivity,” whereas
Chu’s group indicated the contrary of Hirsch’s prediction of a positive pressure
effect on T to the experimental measurements [21, 22].

The pnictides superconductivity discovered in 2008 [30-37] arouse new excite-
ments in the superconductivity community. This new type of superconductors with
rather high 7T, has similar structures to cuprates but carries metal and pnictides
elements in the structures. Much of the interest in pnictides is because the new
compounds are very different from the cuprates and may help lead to a theory of
non-BCS theory of superconductivity.

In 1987, P. W. Anderson proposed [38] an idea that a disordered antiferro-
magnet characterized by resonating singlet pairs of spins could be thought of as
a superconducting state. This was then called the RVB model. Laughlin [39] and
Kivelson [40] also suggested a related idea. Also, Chakravarty and Kivelson [41]
proposed a mechanism of superconductivity in which attraction arises from repul-
sion between two like charges in a mesoscale structure. This interesting concept can
trace back to twenty years ago [42-44] and is consistent with the over-screening idea
we proposed in 1994 [45], and similar to, but different from the concept we worked
out in 1994 [46] and 1997 [47]. They [41] also pointed out that “the strong electron-
phonon interaction is always accompanied by self-trapping or bipolaron formation.
The result is a large exponential Frank-Condon reduction of the energy scale for
coherent motion of charge, inevitably leading to an insulating state.” This point
of view is in line with our conclusion for a given attractive interaction between two
electrons due to phonons [48].

There are of course many experimental measurements that have not been cited
here and many important but more or less conventional works in theory, such as

the tight binding model with nearest neighbor approximation, Hubbard model,
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t-J model, spin bag model, spin-charge separation model, earlier van Hove sin-
gularity, nested Fermi liquid, and ab-initio calculations as well as the well-known
phenomenological theory by Varma et al. [49], etc. Readers may consult Ruvalds’
review [50]. We simply confine ourselves to the unconventional ideas and models

which we have been interested in and working on.

Superconductivity, the one hundred-year long enigma, repeatedly arouses
thoughts of science in its exploration. Despite countless forays into it, no consensus
has been reached concerning the mechanism of superconductivity. We cannot help
but ask whether we need to thoroughly examine the fundamental concepts and
theory of superconductivity from the very beginning. After a hundred years since
the discovery of superconductivity, it is time to unveil its mystery. However, we
assert that on the basis of the conventional theory with whatever modification, if
there is neither breakthrough in the fundamental concepts nor radical change in the

physical and mathematical treatments, it will be impossible to reach a consensus.

It is helpful to look back on the history of physics. V. L. Ginzburg commented
in 2000 [51], “... Actively working physicists usually take little interest in the past,
and I myself am not an exception-1 began studying the theory of superconductiv-
ity in 1943, but only in 1979 did I find time to look through the classical papers
of Kamerlingh Onnes (1853-1926). And I found them fairly interesting. When a
consensus cannot be reached after unprecedented efforts have been made, it be-
comes necessary and inevitable to review the history and examine the starting
point, including those old concepts that have been widely accepted and believed
to be true. It is likely that superconductivity is in such a situation. Take a look at
the history of physics at the beginning of the twentieth century. One experienced
the so-called ‘ultraviolet catastrophe’ in the blackbody radiation. Planck made a
revolutionary change in the energy distribution by assuming that radiated energy
e = nhv, where n is integral number and v is frequency of the radiation and h
is the Planck constant, and correspondingly changed integration to summation,
leading to a radiation law that is amazingly consistent with experimental data for
all frequencies. Further, the Stefan-Boltzmann law can be deduced directly from
Planck’s radiation law. Of more importance is that the change in energy distribu-

tion from continuous to discrete brought about the birth of quantum mechanics.



