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Preface

It has been one hundred years since the discovery of superconductivity.

Superconductivity was discovered in 1911 by Kamerlingh Onnes when he
was measuring the resistance of Hg at the temperature of 4 K. Below this
transition temperature, the metal Hg has no resistivity, and it is called zero-
resistivity effect. After years of research, in 1933, people realized another basic
property of superconductors, the perfect diamagnetism, which is also called
Meissner effect. Based on that, BCS theory was established in the 1950s,
more than 40 years after the discovery of superconductivity, which shows the
abstruseness of this theory and the difficulty of the work. There have been
four Nobel Prizes given to 6 scientists because of their contributions to the
superconductivity research. And the concept of pairing condensation has been
expanded to 13 orders of magnitude in temperature, from 3He (T, ~1073 K)
to the nucleus (7. ~10'° K), without considering the quark condensate. BCS
theory has affected the condensed matter physics and even the whole physics
world over half a century. But the unusual features of the superconducting
state and normal state of high T, superconductors challenge the authority of
conventional BCS theory and even the Landau-Fermi liquid (FL) theory. In
the last century, especially in the latter half, FL theory and BCS theory made
important contributions to a deeper understanding of physics based on lots
of experiments. In addition, the study of high 7, superconductivity broke
through the framework of FL theory and BCS theory on the shoulder of this
“giant” again, and developed the condensed matter physics. At the same time
of looking for materials with higher T.s, the study of the mechanism of high T,
superconductors attracts the attention of nearly the whole physics community.
Although people have not reached a consensus until now, as a leading subject,
the scope of the research field involved and the depth of the problems discussed
in it are both rare in recent decades. It challenges the conventional condensed
matter physics completely and promotes research greatly. It can be imagined
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and expected that the work in future will be difficult, and we will go on making
efforts to explore. “Looking upon this unfinished scientific Tower of Babel”
(P. W. Anderson).

In the dialogue between P. W. Anderson and R. Schrieffer in 1991 about the
theory of cuprates (Physics Today, June 1991, P55), how to write the second
volume of solid state physics was mentioned. They said like this: “Bednorz
and Miiller’s 1986 discovery did mark the beginning of a remarkable period of
development in condensed matter physics. Before that time, strongly corre-
lated fermion systems were an interesting byway of the field, but most serious
many-body theorists believed Fermi-liquid theory could cover the most inter-
esting materials. We are now rewriting the condensed matter textbooks of the
future by adding volume II, in which interactions must be included in zero
order, on an equal footing with one-body kinetic effects ... but rather how to
develop concepts and methods to handle such systems in general ... Just as
BCS was the dawning of a new type of physics now extending over 13 orders
of magnitude in temperature, so we are perhaps witnessing the beginning of
a major advance in our understanding of systems most of which are yet to
be discovered.” The two physics masters pointed out that high-temperature
superconductivity physics would play an extremely important role in the de-
velopment of physics.

A paper about Hg system high-temperature superconductor [Nature 363,
56 (1993)] was selected as one of the most important ten articles in the twenti-
eth century by Nature magazine, and included in Physics Century Anthology,
which shows the full affirmation to the importance of superconductivity re-
search and its important role in physics in the last century. The T, = 133 K (it
can reach 160 K under high pressure) of HgBasCuzOg,, reported in this arti-
cle still keeps the highest record in the family of cuprates. There are Chinese
scientists among its authors.

This book attempts to collect the important contributions in supercon-
ductivity research made by Chinese scientists, and combine them into a book
as centennial of superconductivity. Because Chinese scientists participate in
many important stages and problems, I collect these twenty papers in an ap-
preciated and respectful mood, most of which have been published and others
are articles engaged by special arrangement. This book is the companion
book of another two books: Advances in Theoretical and Ezxperimental Re-
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search of High-Temperature Cuprate Superconductivity, and High- Temperature
Superconducting Physics, the Second Edition. (Peking University Press, forth-
coming in 2012.) Superconductivity Centennial is from the perspective of
looking back at the history over twenty years, and Advances in Theoretical
and Experimental Research of High- Temperature Cuprate Superconductivity is
from the perspective of more comprehensive physical properties, while High-
Temperature Superconducting Physics focuses on the special properties of cop-
per oxides high-temperature superconductors. These three books complement
one another. Of course they are more complement to the Superconductivity
Century Anthology pressed internationally, among which some of the articles
have been accepted, but we focus more on the contributions of Chinese authors
in Superconductivity Centennial.

The works involved in the collected twenty articles are all on important
problems of high-temperature superconductivity and are attached great impor-
tance by our peers. For examples, the paper about Y system high-temperature
superconductors with T, = 90 K by Wu Maokun and Zhu Jingwu’s research
group was the earliest report in the world of material with T, over liquid ni-
trogen temperature, the paper of Zhao Zhongxian and Chen Liquan’s group
reported this nearly at the same time; the research about Hg superconductivity
in which Guo Jiandong participated still keeps the world record of supercon-
ducting transition temperature. The book also includes pairing symmetry
research by Cui Zhangqi’s group, NMR research by Zheng Guoqing’s group,
research of d-wave symmetry spectra by Ding Hong’s group, measurement of
the superconducting gap by Dai Pengcheng’s group, the article about micro-
scopic electrical heterogeneity by Pan Shuheng’s group, the earliest research of
ARPES by Shen Zhixun’s group, the research of “Kinks” by Zhou Xingjiang’s
group. This book collects the important articles about iron-based supercon-
ductors too, such as the article by Chen Xianhui’s group, the article which
gives the highest superconducting transition temperature of iron-based super-
conductors by Zhao Zhongxian’s group, the article about Zn doping in iron-
based superconductors by Xu Zhuan’s group, and the article about the spectra
by Wang Nanlin’s group. In order to fully introduce the physical properties of
the condensed matter, this book collects the research about thermodynamic
properties by Wen Haihu’s group, the research about low temperature heat
transport by Sun Xuefeng’s group, and the research about Raman spectra
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by Zhang Qingming’s group. In addition, there are three important theoret-
ical papers separately given by Ding Qinsheng’s group, Su Gang and Guo
Wei. Ding Qinsheng’s group made the computing research to the magnetism
and superconductivity of 122 iron-based materials. Su Gang discussed the
off-diagonal long-range order in condensed quantum phase and reviewed the
superconductivity, superfluids and Bose-Einstein Condensation, especially the
discussion on super states. After pointing out the magnetic origin of the su-
perfluid, Guo Wei suggested that the fluctuations in spin of O caused by hole
doping in CuO; plane could lead to a resonating-valence-bond (RVB) state
with quantum number S = 1, S, = 0 and cause the magnetic ordering via the
local exchange interaction which is called Kramers super-exchange. And the
complete phase diagram was given from ferromagnetic insulator to supercon-
ductor.

In the 21st century, there is still a lot of work to be done about the mech-
anism of high-temperature superconductivity, especially the research of spin
pairing mechanism. The key experiments like the isotope effect in conven-
tional superconductors are needed. I think that we should search them from
the special properties of high-temperature superconductors. Therefore I col-
lect the special and maybe the universal properties in this system and compile
them into a book, supply it to the readers for analysis and consideration, and
I hope it could push the further research forward. I also wish the readers to
give criticisms, modifications and supplements for this book.

Han Rushan
Peking University
July 2012
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Superconductivity at 93 K in a New
Mixed-Phase Y-Ba-Cu-O Compound
System at Ambient Pressure*

M. K. Wu!, J. R. Ashburn!, C. J. Torng!, P. H. Hor?, R. L. Meng?,
L. Gao?, Z. J. Huang?, Y. Q. Wang? and C. W. Chu??

1 Department of Physics, University of Alabama, Huntsville, Alabama 35899

2 Department of Physics and Space Vacuum Epitazy Center, University of Houston,
Houston, Texzas 77004

3 Division of Materials Research, National Science Foundation, Washington, DC
20550

A stable and reproducible superconductivity transition between 80 and 93 K has
been unambiguously observed both resistively and magnetically in a new Y-Ba-Cu-
O compound system at ambient pressure. An estimated upper critical field H.(0)
between 80 and 180 T was obtained.

The search for high-temperature superconductivity and novel superconducting
mechanisms is one of the most challenging tasks of condensed-matter physi-
cists and material scientists. To obtain a superconducting state reaching be-
yond the technological and psychological temperature barrier of 77 K, the
liquid-nitrogen boiling point, will be one of the greatest triumphs of scientific
endeavor of this kind. According to our stud studies [1], we would like to
point out the possible attainment of a superconducting state with an onset
temperature higher than 100 K, at ambient pressure, in compound systems

* Reprinted with permission from M. K. Wu, J. R. Ashburn, C. J. Torng et al., Phys.
Rev. Lett. 58, 908 (1987). Copyright (1987) by the American Physical Society.
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generically represented by (L1—;My)qApDy. In this letter, detailed results are
presented on a specific new chemical compound system with L =Y, M = Ba,
A=Cu, D=0,2=04,a=2,b=1, and y < 4 with a stable supercon-
ducting transition between 80 and 93 K. For the first time, a “zero-resistance”
state (p < 3 x 1078 Q-cm, an upper limit only determined by the sensitivity
of the apparatus) is achieved and maintained at ambient pressure in a simple
liquid-nitrogen Dewar.

In spite of the great efforts of the past 75 years since the discovery of su-
perconductivity, the superconducting transition temperature 7, has remained
until 1986 below 23.2 K, the T, of Nb3Ge first discovered [2] in 1973. In
the face of this gross failure to raise the 7., nonconventional approaches [3]
taking advantage of possible strong nonconventional superconducting mech-
anisms [4] have been proposed and tried. In September 1986, the situation
changed drastically when Bednorz and Miiller [5] reported the possible exis-
tence of percolative superconductivity in (La;_,Ba;)Cus_s with z = 0.2 and
0.15 in the 30-K range. Subsequent magnetic studies [6-8] confirmed that
high-temperature superconductivity indeed exists in this system. Takagi et al.
further attributed the observed superconductivity in the La-Ba-Cu-O system
to the KoNiF4 phase [9]. By the replacement of Ba with Sr [8,10,11], it is
found that the La-Sr-Cu-O system of the K;NiF, structure, in general, ex-
hibits a higher T, and a sharper transition. A transition width [10] of 2 K and
an onset [11] T¢. of 48.6 K were obtained at ambient pressure.

Pressure [8,12] was found to enhance the T, of the La-Ba-Cu-O system at
a rate of greater than 1073 K bar~! and to raise the onset T, to 57 K, with a
“zero-resistance” state [13] reached at 40 K, the highest in any known super-
conductor until now. Pressure reduces the lattice parameter and enhances the
Cu*3/Cu™? ratio in the compounds. This unusually large pressure effect on T..
has led to suggestions [8,12] that the high-temperature superconductivity in
the La-Ba-Cu-O and La-Sr-Cu-O systems may be associated with interfacial
effects arising from mixed phases; interfaces between the metal and insulator
layers, or concentration fluctuations within the K9NiF4 phase; strong super-
conducting interactions due to the mixed valence states; or yet an unidentified
phase. Furthermore, we found that when the superconducting transition width
is reduced by making the compounds closer to the pure KoNiF4 phase, the on-
set T is also reduced while the main transition near 37 K remains unchanged.
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Extremely unstable phases displaying signals indicative of superconductivity
in compounds consisting of phases in addition to or other than the K;NiFy
phase have been observed by us [8,14], up to 148 K, but only in four samples,
and in China [15] at 70 K, in one sample. Therefore, we decided to investigate
the multiple-phase Y-Ba-Cu-O compounds instead of the pure KoNiF, phase,
through simultaneous variation of the lattice parameters and mixed valence
ratio of Cu ions by chemical means at ambient pressure.

The compounds investigated were prepared with nominal compositions
represented by (Y;1-;Ba;)2CuOy4_s with z = 0.4 through solid-state reaction
of appropriate amounts of Y903, BaCOgz, and CuO in a fashion similar to

that previously described [8]. Bar samples of dimensions 1 x 0.5 x 4 mm?®

were
cut from the sintered cylinders. A four-lead technique was employed for the
resistance (R) measurements and an ac inductance bridge for the magnetic
susceptibility (x) determinations. The temperature was measured by means
of Au+0.07% Fe-Chromel and Chromel-Alumel thermocouples in the absence
of a magnetic field, and a carbon-glass thermometer in the presence of a field.
The latter was calibrated against the former without a field. Magnetic fields
up to 6 T were generated by a superconducting magnet.

The temperature dependence of R determined in a simple liquid-nitrogen
Dewar is shown in Fig. 1.1. R initially drops almost linearly with temperature
T. A deviation of R from this T' dependence is evident at 93 K and a sharp
drop starts at 92 K. A “zero-R” state is achieved at 80 K. The variation of x

0.80
- | H=0.0T
A H=0.75T
?0.60- e H=30T
E v H=57T
L,
8 0.40
[=}
=
& 0.20

0.00,

Temperature (K)

Fig. 1.1 Temperature dependence of resistance determined in a simple liquid-nitrogen

Dewar.
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Fig. 1.2 Temperature dependence of magnetic susceptibility.

with T" is shown in Fig. 1.2. It is evident that a diamagnetic shift starts at
91 K and the size of the shift increases rapidly with further cooling. At 4.2 K,
the diamagnetic signal corresponds to 24% of the superconducting signal of a
Pb sample with similar dimensions. In a magnetic field, the R drop is shifted
toward lower T'. At our maximum field of 5.7 T, the “zero-R” state remains
at a T as high as 40 K. Preliminary X-ray powder diffraction patterns show
the existence of multiple phases uncharacteristic of the Ky;NiF, structure in
the samples. Detailed analyses and under way.

The above results demonstrate unambiguously that superconductivity oc-
curs in the Y-Ba-Cu-O system with a transition between 80 and 93 K. We
have determined the upper critical field H.o(T') resistively. If the positive cur-
vature at very low fields is neglected, one gets a value of dH.o/dT near T,
of 3 T/K or 1.3 T/K, depending on whether H.o(T,) is taken at the 10% or
the 50% drop from the normal-state R. In the weak-coupling limit, H.(0)
is thus estimated to be between 80 and 180 T in the Y-Ba-Cu-O system in-
vestigated. We believe that the value of H.(0) can be further enhanced as
the material is improved. The paramagnetic limiting field at 0 K for a sample
with a T, ~ 90 K is 165 T. Because of the porous and multiphase characteris-
tics of the samples, it is therefore difficult to extract any reliable information
about the density of states from the slope of H.o(T') at T, on the basis of the
dirty-limit approximation.

On the basis of the existing data, it appears that the high-temperature
superconductivity above 77 K reported here occurs only in compound systems
consisting of a phase or phases in addition to or other than the K;NiF, phase.
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While it is tempting to attribute the superconductivity to possible noncon-
ventional superconducting mechanisms as mentioned earlier, all present sug-
gestions are considered to be tentative at best, especially in the absence of
detailed structural information about the phases in the Y-Ba-Cu-O samples.
However, we would like to point out here that the lattice parameters, the
valence ratio, and the sample treatments all play a crucial role in achieving
superconductivity above 77 K. The role of the different phases present in su-
perconductivity is yet to be determined.

10
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1 1
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Fig. 1.3 Magnetic field effect on resistance.
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