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Preface

“The Assessment Seminar on High-Temperature Superconducting Mechanism Re-
search” has been jointly held by China Center of Advanced Science and Technology
(CCAST); Institute of Physics, Chinese Academy of Sciences(CAS); National Lab
for Superconductivity, Institute of Physics, CAS; School of Physics, Peking Uni-
versity; Center of Advanced Study Tsinghua University on March 1-5 2008. The
experts of experimental and theoretical aspects on the first front have been invited
to give reviews and attempt to conclude the main consensuses, differences, solvable
and unsolvable aspects by some influential theoretical models in the last twenty
years in superconductivity from a global perspective to clear the striving direction
and inspire a new enthusiasm and motivation of high-temperature superconductiv-
ity (HTSC) research. It requires the reporters to introduce the raw experimental
data and the problems objectively, to point out the trend of the theoretical study
impartially and discuss the real situation and provided recommendations more
deeply.

The conference is a great success, and basically achieves its purpose. The sci-
entists have made careful preparations, and are concise and insightful. Partici-
pants’ enthusiastic participation and serious discussion make the conference very
fruitful.

At the time of the arrangement, having a meeting and preparing for the corpus,
i.e. 2008, a new class of superconductors—FeNi-based oxygen-chalcogenide layered
superconductors have occupied the center of the superconducting field, and Chinese
scientists have made outstanding contributions. After about a year of exploration,
the scientists have basically sorted out the general picture and could summarize
that only the Fe-based small family has superconductivity in the hundreds of ma-
terials with ZrCuSiAs class structure. From the point of experiment, they are on
the borderline between BCS, superconductors and cuprate oxide superconductors,

close to the BCS superconductors with the traces of cuprate oxide superconductors.
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Its characteristics are following: the strong e-p interaction with distorted s-wave
symmetry; while above the T, the appearance of e-e interaction turning out-the
resistivity paT%; the parent compound is bad metal, neither nearly free electron nor
insulator; not k-space pairing and not completely real space pairing, and its Hcy is
between the BCS and cuprate oxide superconductors, about 50-60 Tesla, (the low
T samples showed a higher Hcs); the angle-resolved photoemission spectroscopy
(ARPES) data is in good agreement with the band structures calculation, indi-
cating that they are weakly correlated multi-band system; the penetration depth
is approximately 190 nm; direct exchange in intra-layer and ionization interaction
in interlayer in this layered compounds; the superconducting area and magnetic
area are close neighbors, but it is unclear whether they co-exist so further study
is needed; including the additional data for the magnetic ordering with the doping
evolution, it is one of the controversial issues whether the pseudogap exists or not.
In short, the preparation of good single crystals is still present major challenge,
which will provide conclusive results for some experimental properties. It will help
to accurately conclude the similarity and sample differences, and promote the study

of the superconducting mechanism.

I think it is certain that the mechanism of superconductivity in cuprate is a more
urgent task. Finding out they are the extreme cases, can promote the thinking of
this new family situation between the BCS and cuprate oxide superconductors. As
an important control system of the high-T cuprate oxide superconductor, Fe-based
superconductors will also promote the study of the mechanism of cuprate oxide
superconducting system. Fe-based superconductors are the direct exchange inter-
action, while cuprate is super-exchange interaction. So we should put the exchange
interaction on the extremely important position and take it as the starting point
to build the framework of the theory of high-temperature superconducting cuprate
mechanism. At this point, it seems that most of superconducting researchers have
reached a consensus. Outwardly, the difference lies in the model, and in fact there
are very fundamental differences. In my personal view, the following points should
be emphasized.

1. The super-exchange concept was proposed by H. A. Kramers seventy years

ago. The difference is that the transition metal wave function does not directly over-
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lap. Owing to the presence of the oxygen ion O?~, making the transition metal ions
such as Cu ions, the electron wave functions have overlap. However, the lack of oxy-
gen ions O%~ will affect the strength of super-exchange. The phase diagram shows
the hole injection on the oxygen sites makes the antiferromagnetic ordering gradu-
ally disappear and transit to a conventional Fermi liquid, during the emergence of
high-temperature superconductivity in cuprate oxide superconductors. The oxygen
ions 02~ should be serious discussed. The simplified models, ignoring the oxygen
ions, may be successful in other antiferromagnetic materials, but can be said to be
unsuccessful in high-temperature superconducting mechanism. It should take the
three-band model or two-component model as the starting point. Unfortunately,
the Zhang-Rice has led the problem in a wrong direction, back to single-band model
from the three band model. This is the theoretical reason why some people still
insist on a single-band model.

2. Using pure two-dimensional (2D) model on layered compounds is successful in
many systems. But the research of high-temperature superconductivity mechanism
in the high-temperature superconducting couprate oxide is not very successful.
Quasi-2D (actual three-dimentional (3D)) model should be used, which will greatly
expand the imagination and processing space.

3. The RVB picture may be the correct picture, especially for the bad metal
system. In the three-band or called two-component model, it should be short-range
pairing of oxygen holes (or electrons). It is still hotly debated whether the glue
exists or not.

4. In recent years, there is a debate on the pseudogap state, i.e. below the 7™,
the density of states near Fermi surface decreases, and Fermi surface decreases a lot,
up to T¢, the superconducting gap appears, and Fermi surface disappears—strictly
speaking only leaves some points (nodes). There are two opposing views about the
pseudogap state, one is pre-pairing, also known as single energy gap; the other is
two-gap of ordering competition. In fact, please do not ignore the correlated order
of Cu?t which also takes responsibility for the decrease of density of state near
Fermi energy. At zero-doping, the system is an insulator, completely eating the
density of state near Fermi energy. This process is gradual and the localization of

Cu?*t co-exists with the superconducting state.
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The book named “Advances in Theoretical and Experimental Research of High
Temperature Cuprate Superconductivity”, is a collection of reports on the seminar
of high-T¢ superconductors 20 years research. Such as the name of the seminar
“The Assessment Seminar on High-Temperature Superconducting Mechanism Re-
search”, the meeting is a clearing inventory. After two decades of research, the
mystery of the known high-temperature superconductivity, although do not reach
a consensus on the mechanism, but for the existed problems from the perspec-
tive of global, it is a clean-up to guide future work. There are some people, who
do the same work internationally, such as J. S. Brooks and J. R. Schrieffer editing
“Handbooks of High Temperature Superconductivity” (Springer, 2007). I hope this
collection will play a role in promoting high-temperature superconductivity mech-

anism research. Thank you all for the contribution to the publication of this book.

Ru-Shan Han
During the Beijing Olympic Games in 2008
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The Electronic State Phase Diagram of Copper

Oxide High-Temperature Superconductors

Jian-Lin Luo
Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China

High-temperature superconductors are discovered by J. G. Bendnorz and K. A.
Miiller in 1986. Before the discovery of high-temperature superconductivity in cop-
per oxide perovskites, the transition temperature has increased from 4 K to 22~
23 K since Kammerlingh Onnes firstly observed superconductivity in mercury in
1911. But since the Ba-La-Cu-O system at 40 K discovered by Bednorz and Miiller,
the transition temperature increased to 163 K in the Hg-Ba-Ca-Cu-O system un-
der pressure in a very short time, several times higher than before. Recently, the
ironbased superconductor with 7¢ higher than 50 K has become the superconduc-
tors of the highest transition temperature except cuprates. The superconducting

transition temperature and the discovery time are shown as Fig. 1.

200 T
Hg-Ba—Ca{-Cu-O
150 High Pregsure
Hg-Ba-Ca{Cu-O
TI-Ba~Ca~Cu—0 ¢ 11 Ba—Ca-Cu-0
4 Bi-Sr-Ca—QCu-0O
\O 100
= Y-Ba—-Cu-O
I~ N2 Boiling Point
(77K) 1086
50
1911 La—Sr—Cu—&‘
La-Ba—Cu-Q,
\ pb Nb P MgB2 | LaOp.ggFo.11FeAs
0 2 Nhe NbN  NbGe - § LaQ T\P (Tm=Fe, Ni)
1900 1920 1940 1960 1980 2000 2020
Year

Fig. 1

The superconducting transition temperature 7¢ and the discovery time.
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As the superconductors’ transition temperature 7¢ is very high, higher than
liquid nitrogen temperature, which makes they have a wide range of applications,
and in turn promotes the high-temperature superconductors’ application research.
In addition, the high-temperature superconductor is a strongly correlated electron
system, and its physical properties are very complex and rich, so it is very important
to study the mechanism of the superconductivity. In condensed matter physics,
no other systems like high-temperature superconductors, get so much concern of

physicists, and so many different experimental methods to study.

Crystal structures of the cuprates: the high-temperature superconductors adopt
a perovskite structure, which mainly include the weakly coupled copper-oxide layers
and other charge-providers components, see Fig. 2. According to the type of carrier,
the cuprates can be divided into hole-and electron-type superconductors, and in
the hole-type superconductors based on the number of CuOq layers, they can be
divided into single, two, three, and infinite-layer superconductors. The cuprates’
main characters are dominated by the CuO, planes. The copper-oxide planes are
checkerboard lattices with squares of O?~ions and a Cu®* ion at the centre of each

square (see Fig. 3), its structure as follows: the Cu?* ion has a 3d? configuration,

Hole Doped (p-type)

LSCO
YBCO
BSCCO
TCBCO
HBCO

Cleaving Plane
Electron Doped (n-type)

P o0 oco
| A, :§3 % (1000  PCCO
(a) (c)

Fig. 2 (a) Bi2SrCaCu20s and (b) YBazCusO7 crystal structure and the type of high-

temperature superconductors.
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and the antiferromagnetic spin correlation between copper ions is the super-

exchange interaction by the medium of the oxygen 2p electrons.

Gf{: * (O eCu l,

Q Oo 0

'ron«r O ®
=p 9 > D odq
. wopng

0 o

* O Q O O-e TN

ey

(b)

Fig. 3 The structure of CuQOz, spin correlation between copper ions is the super-exchange

interaction by the medium of the oxygen 2p electron.

Electron-and hole-doped electronic state phase diagram: with the change of
doping concentration, the properties of high-temperature superconductors have
changed a lot. Fig. 4 shows the phase diagram of high-temperature superconduc-
tors. The left is the electron-doped region, while the right is the hole-doped region.
The undoped “parent” and the low carrier doping compounds are Mott insulators

with three-dimentional (3D) long-range anti-ferromagnetic ordering. However, as

0

0.1 . %
Electrons Doping Holes

Fig. 4 The electronic state phase diagram of the high-T¢ superconductor (AF: antifer-

romagnetic region; SC: superconducting region).
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the doping increases it slowly becomes conductive, then a relatively large region of
doping turns up, called pseudogap region, which means there is a gap found in the
normal state. With the carrier concentration increasing, it becomes a superconduc-
tor, and then as the carrier concentration continues to increase, it will basically
become a Fermi liquid, normal metallic state. In cuprate superconductors, the T¢
as a function of doping concentration of the different systems basically can be rep-
resented by the universal parabola, the empirical formula. This paper is basically
to discuss the electronic state phase diagram of hole-type superconductors.
Actually, the more comprehensive electronic state phase diagram of hole-type
cuprate superconductors is shown in Fig. 5. The phase diagram shows it is basically
a non-Fermi liquid state in a large region, but as the doping concentration increasing
it becomes a Fermi liquid behavior. Why does its properties have such a big change,
as a function of doping concentration? And why does the system finally become the
Fermi liquid state of normal metal from a strongly correlated 3D anti-ferromagnetic
ordering system? How to explain these phenomena in the phase diagram of cuprate

superconductors is very important.

Non-Fermi Liquid

Temperature

‘mi Liguid

0 0.2

Doping Level (holes per CuO3)
Underdoped Optimally doped Overdoped
Fig. 5 The electronic state phase diagram of the hole-type high-T¢ superconductors.

The following is the discussion about the basic physical properties of the various



