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Materials Science Bzt

Novel phenomena New compounds

N\ 7

Properties: conductivity, magnetism, dielectric, thermoelectric, ...

Individuals
Empirical
Systematics

Understanding of
each material

Organizing

principle

Understanding of
underlying discipline

"Modern science is the search for new organizing principles of nature."
by R. B. Laughlin (1998 Novel prize) at Kashiwa, 2001




Strategy for new materials

“exact’ serious
analytical optimistic
“about” dreaming

‘ the outcome limited ‘

Some approximations often complicated and
necessary sometimes wired!

Active conversations are required.




Strategy for new materials

Which topics or materials should we study?
Following the fashion, or going my way?

stimulated by a theoretical prediction?

From crystal structures to desired systems.

However, appearances are often deceptive.
Real materials always suffer from various obstacles.




Strategy for new materials

Nature often complicated, but fascinating!

We should keep a humble attitude toward nature.

When | observe something predicted by theory,
it's OK but not so exciting.

When | observe something unexpected,
| would be more happy.




Motivation of our research

New materials with novel properties

: ]

Transition metal oxides
with strongly correlated
electrons

Superconductivity,
Magnetism, or
Other exotic phenomena




High-Temperature Superconductors
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Santa Barbara, August 9, 2010

Correlated Oxides:

A road to a room-temperature
superconductor

. Frustration and Cu minerals

. Rattling good materials




Outline

« Introduction to superconductivity

« Copper oxide superconductors:
Preparation and Materials

« Mechanism of the superconductivity

« Future prospect




Electrical Conductivity R

- Ohm’s law

V = Rx|




Electrical Conductivity R

- Ohm’s law

V = Rx|

“free” electrons in a metal ~10%2 cm=3
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electron scattering — resistivity



Discovery of superconductivity in 1911

___________________________________________

""""""""""""""""""""""""

______________________________________

Nobel prize
1913

Hg: 7/KER

Resistance

]

AU ®



BCS theory: Bardeen- Cooper-Schrleffer
Nobel prize in 1972 18 P

=) X
=/
R#0
Lr<r
Two electrons form a pair
— Cooper pair
= X

R=0

not scattered!



Mechanism of superconductivity

What makes a Cooper pair?

» @ e e e ®
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Vibrations of ions (phonons) generate the attractive interaction.

T, = vibration energyx0.1 = 30 K
=4 BCS wall

G
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SC is helpful

i
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0

BIEIRRR

BiEgE

Cu

am#
i

o~ Ohm’s law

V = Rx|

Joule heating

V Rx /x|

If R =0,
no Joule heating,
no energy loss!

R <1044 Q




Superconducting cables

* 100 times larger current
 Limited space in an underground public utility conduit
* Total energy loss less than half even with lig N, cooling

Bi superconductor tape
/

ERA Y ARBEERI
(> —IURE)

=iD—1EBIE(K
(=HE3ZRA)

136mm
WA=

Lig. N, Rt =1) : - o
I S o LS Sumitomo Electric Industries, Ltd.



Global superconducting grid with natural
energy generators

(] (] \' '
Solar-power generation in deserts
Wind-powder generation on seashores

proposed by Koichi Kitazawa




Strong magnets

» Superconducting magnets
* Electric power storage Persistent current

EHREA H  sc coil
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High—field applications
MRI

Ship motor B = 3,000 ~ 15,000 gauss

.~
Bl 3 on

Consortium: 8 Entities

| Toshiba Medical HP



Outline

« Introduction to superconductivity

« Copper oxide superconductors:
Preparation and Materials

« Mechanism of the superconductivity

« Future prospect
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| J. G. Bednortz
&
K. A. Muller

Physics Novel

Prize In 1987

Summer in 1987
at the Bando lab.

in Kyoto Univ.
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Discovery of a copper

oxide superconductor

1986

Z. Phys. B - Condensed Matter 64, 189-193 (1986)

Condensed
Frs Matter

(© Springer-Verlag 1986

Possible High 7', Superconductivity
in the Ba-La-Cu-O System

A4

cﬂw

xe .°°‘°d°§oq

o X
x®
X
.
x®

o 7.5 A/cm?2
x 25 A/cm?
e 0.5 A/cm?

“At the extreme forefront of research in superconductivity ...
Is the empirical search for new materials”.

sles with
: of three
cooling,
yarithmic

LICITAST, LICLPICIOU 4> a UCELULIILE VUl olatlzauvil. riauy au avi uyl ucuicase by up
to three orders of magnitude occurs, reminiscent of the onset of percolative superconduc-
tivity. The highest onset temperature is observed in the 30 K range. It is markedly
reduced by high current densities. Thus, it results partially from the percolative nature,
bute possibly also from 2D superconducting fluctuations of double perovskite layers

of one of the phases present.

I. Introduction

“At the extreme forefront of research in supercon-

W

[1]. Transition-metal alloy compounds of 415
(Nb3Sn) and B 1 (NbN) structure have so far shown
the highest superconducting transition temperatures.
Among many A4 15 compounds, careful optimization
of Nb—Ge thin films near the stoichiometric compo-
sition of Nb;Ge by Gavalev et al. and Testardi et al.
a decade ago allowed them to reach the highest 7, =
23.3 K reported until now [2, 3]. The heavy Fermion
systems with low Fermi energy, newly discovered, are
not expected to reach very high 7,’s [4].

Only a small number of oxides is known to exhibit
superconductivity. High-temperature superconduc-
tivity in the Li—Ti—O system with onsets as high
as 13.7 K was reported by Johnston et al. [5]. Their
x-ray analysis revealed the presence of three different
crystallographic phases, one of them, with a spinel
structure, showing the high T [5]. Other oxides like
perovskites exhibit superconductivity despite their
small carrier concentrations, n. In Nb-doped SrTiOs,
with n=2x102° cm ™3, the plasma edge is below the
highest optical phonon, which is therefore unshielded

[6]. This large electron-phonon coupling allows a T,
of 0.7 K [7] with Cooper pairing. The occurrence of
high electron-phonon coupling in another metallic
oxide, also a perovskite, became evident with the dis-
covery of superconductivity in the mixed-valent com-
pound BaPb, _ Bi,O; by Sleight et al., also a decade
ago [8]. The highest T, in homogeneous oxygen-defi-
cient mixed crystals is 13 K with a comparatively low
concentration of carries n=2-4 x 10! cm~* [9]. Flat
electronic bands and a strong breathing mode with
a phonon feature near 100 cm ™", whose intensity is
proportional to T, exist [10]. This last example indi-
cates that within the BCS mechanism, one may find
still higher T,’s in perovskite-type or related metallic
oxides, if the electron-phonon interactions and the
carrier densities at the Fermi level can be enhanced
further.

Strong electron-phonon interactions in oxides
can occur owing to polaron formation as well as in
mixed-valent systems. A superconductivity (metallic)
to bipolaronic (insulator) transition phase diagram
was proposed theoretically by Chakraverty [11]. A
mechanism for polaron formation is the Jahn-Teller
effect, as studied by Hock et al. [12]. Isolated Fe**,
Ni** and Cu?* in octahedral oxygen environment



U S O “Uso” means ‘lie” in Japanese.

Unidentified Flying Object
Unidentified Superconducting Object
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Cu?* — Cu?*? (hope doping),
as La3* is replaced by Sr2*.

La,_ Sr,CuO,

\

Las3*/Sr2*

B AUEHLE (107°Q -cm)
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1 00 200 300
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Playground for HTSC: CuO, Plane

Cooper pairs are formed Iin
the CuO, plane,
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Superconducting race

Periodic Table

IA A | mA | wA | vAa | viA | viA | [ vin | |l | uB Jms | ive]|] ve | viB | vis 0
1| 4«H -He
2 | 3Ll |«Be Cu sB | sC | 7N |0 | sF |1sNe
3 |nNa|:Mg o~ 18Al 1481 | 15P | 168 | 7Cl [ 1sAF

4 | 15K |20Cal21Sc \22Ti 23V | 2Cr |2sMn| 2sF @ |27CO zeN(IiE QZI‘I 31Ga|2Ge|:sA8|Se|:sBr | sKr
5 |7Rb|3eSI| 20Y )Zr s1Nb|2Mo| s Tc [+Ru|sRh|.Pd|Ag|:sCd| wln |cSNn|s:Sb|=2Te| sl |sXe
¢ |ssCs|sBa 5771 Hf | Ta| W | sRe|Os| 7Ir | Pt |=AllxHg }Tl Pl «Bi [sJP0| At RN
7 | e7Fr |ssRa[89-1

57-71| s7La|ssCe| ssPr |scoNd|s1PMle2Sm| ssEu |G| s Th ssDY|e7HO| ssEF [ss TM|0Yb| 71 LU
89'103|89AC wolh(sPa| -2U

La-Ba-Cu-0O ,
L 2-Sr-Cu-O _et's replace La by other Rare earth.

try to catch lightning in a bottle twice R S T .
= try to catch weather fish twice under willow (/n Japanese)



How to make HTSCs
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Phase Diagram: map for complex compounds

Y-Ba-Cu-O system L a-Sr-Cu-0O system
SrO |sp

La, Sr,CuO,

950°C in O,

1/2(Y203) Mol % cuo _1/2(Las03) Mol % Cu0

V2La, 04 CuO

S.J. Hwe, et al., J. Am. Ceram.

D.M. FelL ., J. Soll
Soc. 70, C165 (1987) eLeeuw, et al,, J. Solid

State Chem. 80, 276 (1989)



sCIW Phase Diagram

Y,0,;-BaO-CuO system /,\
/ \ "Y,.Ba CuO,"

950°C in air A \
8/020qu New SC

BasY,05
1~ //\‘
Ba,Y,0s ; ’\\k YBaZCU3O7

T, =90 K!

/
)&i?”wz

0 20 40 Y,Cu,05 60 80 100 C
Y ¥203) Mol % Cu0 U

S.J. Hwe et al., J. Am. Ceram. Soc. 70, C165 (1987)
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90 K Superconductor

T
YBC/Y123
Y882CU3O7_6

Removable Oxygen



Interesting crystal chemistry in YBa,Cu;0- 4

3.94 7.0
1 (a) 100% oxygen O S 6 S 1
] 6.9 -
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3 N
3.86 I R N
> i
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J.D. Jorgensen, et al., Phys. Rev. B 36, 3608 (1987) R.J. Cava, et al., Physics C 165, 419 (1990)
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90 K Superconductors

CuO,

p e ee
YBC/Y123 «c\‘?ﬁ,x Bi2212
YBa,Cu;0, "Bi,Sr,CaCu,0g4"



110 K Superconductor

I € ¢
YBC/Y123 Bi2223
YBa,Cu;0, E?%rzCazCu:;Om”



Phase diagram in the Bi-Sr-Ca-Cu-O system
\ IS iCe0) 950°C in air
Srzesizgsy Srq1.5Cay sBig06 +

SrsCaBiz0g + Ca0 SrzCu0s + Ca0
+ SrCl0;

7// 2201 4805

D 2302

"l

2223

SrBis04

Sry.5Cay.5Bix0g
+ CayCu03

2212 + COzCUO3

Srq1.5Caq 5Biy0¢

7% \
SN\
05" \\L

Sro.66Cap.33Cu0,
+ CayCuO3 +
Sry.5Caq 5Biz06

Sr7Ca7Cu24041

7
CayBi1g022 -
CayBig016 / Ca,yCu03

a0

Bi2212

Bi2223

P. Majewski, et al., Adv. Mater. 3, 67 (1991)
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Ultimate HTSC

Hg1223
HgBa,Ca,Cu;0g,

World record T_:
135 K@ AP
160 K@ HP

with a beautiful
crystal structure
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HTSC: plate crystals
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Outline
« Introduction to superconductivity

« Copper oxide superconductors:
Preparation and Materials

« Mechanism of the superconductivity

« What determines the 7.7

« Future prospect




Beyond the Band Picture

Free electrons + periodic potential from ions
= Bloch electrons

Mean-field or one-electron approximation assumes
uniform potential V from other electrons.
mm) nearly free electrons with effective mass m”*.

t: kinetic energy
t o< W: bandwidth

However, electrons are not completely free, but
there is always Coulomb repulsion between them.

U: Coulomb repulsion or
electron correlation Wvs. U




Strongly correlated electron system: SCES

Electron correlation U vs. Bandwidth W

ltinerant Q Q '/<>\) Q QV Metal

ion electron charge S electrons
Large W

)40)€(D)<4®) [sc:s

d electrons
heavy electrons with large m* charge + spin Small W

Large U

Localized @ @ ‘@ @ @ InT_l;IZZrU

Antiferromagnetic spin




Strongly correlated electron systems

delocalized V_ f '

0000000

correlated
metals

hole doping

Mott insulators

0000000

\,'FU

localized on-site

correlation: U




What determines the 7.7
Superconductivity = electron pairs (Cooper pairs)

|
I =w exp( -~ —)
o A
An excitation to
generate pairing damping factor ~ 0.1

“glue”

Phonon:w = w,, ~300 K = T.~300%0.1=30K
"‘BCS wall”

What is the glue for copper oxides?



C d Cu?*Q, square with an S = 1/2 spin
OppeEr OXIAES is @ motif to build up various types of

low-dimensional structures!

do 24 o Cu2*: 3¢° ¢

d, , .4+ One electron/hole in /k\;
3z°-r
'y the nondegenerate *’ﬁ « /\
orbital \ \\

very rare! “«

>
<=

2D square lattice: CuO, plane

corner-sharing chain 4 4; 4 q;

@»
Wt B

J. antiferromagnetic coupling

\
\
l;\
J = 2,200 K : ; 2 $
J=1,500K - \



Hole doping and HTSC in the CuQO, plane

hole:h* E=-4J -4 =-8J —»-7J

localized quantum
W AN

spins on the [ lattice

@ hole doping
Zhang-Rice singlet

strongly correlated
electron system

@ a pair of Z-R singlets,
Cooper pair

Superconductivity

hole pairs on oxygens in a spin liquid made of Cu spins



Mechanisms of the superconductivity

phonons | in any lattice Spins | in the CuO, plane
k °€

O O\ /‘ o —© :

e B S

o oo <;> d

¢ \\o N "

o 7/ \(. o Q

e -k
k_Space pairing real-Space palrlng’7

T, o wy, ~ wp ~ 300 K T, oc <J>: J ~ 1,500 K



What determines the 7.7

T. o< Binding energy of Cooper pairs
1

A
Energy of relevant Damping factor
excitations
Maximum T,

Phonon: w = w,, ——» T_~400 x 0.1 =40 K

Antiferromagnetic j1> T.~1,500 x 0.1 = 150 K

Interaction:w = J
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Questions

What is a materials factor that
decides the T_.7?

Any way to get over the record?




What determines the 7.7

T. o< Binding energy of Cooper pairs
1

"ol )

Damping factor

Energy of relevant
excitations
Maximum T

Phonon: w = w,, ——» T_~400 x 0.1 =40 K

Antiferromagnetic -~ _
interaction:w =J Tc 1,500 x 0.1 =150 K

What is the damping factor for the copper oxides?

If doubled, T, becomes room temperature!



What determines the T7.7?

Hole density
T, forms a dome with a maximum.

- T
“pi=> Cu20?2, T\
]{(La3+ S2*)02},
> i
51 T
? sC
La, Sr,CuO,
>




T, vs. number of CuO, planes

Always T_reaches a maximum at three layers!

150 ———— —
| L

Maximum 7 (K)

o o
——————
‘\\w

\:I

> >

O
C
T
«Q

Number of adjacent CuQO, planes



What determines the maximum 7_?

1. Apical oxygens, instead of
number of CuO, planes

2. Randomness induced
by chemical substitutions




T. dome: role of the apical oxygens

As the apical oxygen approaches to the CuO, plane, holes move
from in-plane oxygen p orbital to Cu d orbital.

TA ZR singlets collapse to be just d holes. E

apical oxygen

/%

p

\ less effects ¢ "
\ — g
k\ CuO, plane without

apical oxygens is
ideal.




T. dome: role of apical oxygens

A pair of Zhang-Rice singlets
Is superconducting.

A

b

p'=p-pg

Collapse of the background AF spin sea

T .

S -

d holes
normal metal

Ty: Bose condensation T for ZR singlets

< (p/2)

Binding energy from AF fluctuations



T. vs. number of CuO, planes

:p 3

single plane
O O O+ apical O

O O O C‘KuO2 plane

double planes
O O O

o000
oo e (Oe

O O O

triple planes
O O O

OO0 e
CuO, plane without =>-eOeOe(Oee
apical oxygen OO0

O O O



Further increasing the number of CuO, planes

hole density

> O-0 O-

The middle plane can
oo e _
be doped optimally.

-O ﬂO -O T
substituted metals or excess oxygens 150 -
Total number of holes there is limited. 0 y/@\@\
> O-0 O- 4 50 Bi
o reo- e e e always 0 1 2| :Ia ;1

A e0eeee = underdoped! number of CuO, sheets
‘+ | e0Oe0e0eOe
) -O O-0

Hole density is not enough for more planes.




What determines the maximum 7.7

1. Apical oxygens, instead of ———9 Of i

the number of CuO, planes ‘W&

o= 5 |

2. Randomness induced "M
by chemical substitutions . M

Or excess oxygens



Thermodynamics of solid solutions

F=E-TS A-B phase diagram

TS = Nk, Tixinx+(1-x)In(1-x)}

' l The image part with relationship ID rld2 was not found in the

T

Solid 5 Phase
separation

solution




Random distribution of impurities

5 10 15 20 . "
5% impurities

on 20x20 lattice

,T

superconducting
coherence
length £~ 3 nm

v

® impurity ion




“Uniform” Solid Solutions

9 impurity ions on the 10x10 lattice

—j ! - Y @ ® &
. _4E JEFenl N

— ® @ @

;_ ‘—T-— - & ® &
= apur

always results in an inhomogeneous
distribution of impurities!



L, spin glass
weak localization

T

A

A

T‘ Effects of randomness -
pair density p/2

Tg: BEC temparature oc p2/3: 3D
p :2D

OCp’

randomness

»

Ps pB' PB" p

Some holes are trapped by the randomness and can not move.

substituted metals or excess oxygens

charge reservoir

"clean" CuO, sheet

I
single sheet CuO, sheet

double sheets

triple sheets




T, vs. number of CuO, planes

Always T_reaches a maximum at three layers!

150

RN

o

o
T

Maximum 7 (K)

(@)
o
T I T

due to disorder

O ] ] ] ] ] 1
1 2 3 4 S) 6

Number of adjacent CuQO, planes




How to raise 7.7 Hg1223
Hg1223 is almost perfect!

w

maximum T/ ¢

1 T,~Jx0.1 W
150 |- Less effect of l:%m

Smaller aplcal oxygens

randomness \ / *M

0" pg pi P p, P ¢

T,max = 135 K
T.~ 160 K at HP



CuO, Plane

When holes are introduced into a single CuO,
plane without any disturbance, ...




Outline
« Introduction to superconductivity

« Copper oxide superconductors:
Preparation and Materials

« Mechanism of the superconductivity

« What determines the 7.7

« Future prospect




What determines the 7.7
Superconductivity = electron pairs (Cooper pairs)

|
I =w exp( -~ —)
o A
An excitation to
generate pairing damping factor ~ 0.1

“glue”

Phonon:w = w,, ~300 K = T.~300%0.1=30K
"‘BCS wall”

Antiferromagnetic = T ~ 1500%0.1 = 150 K
interaction: w=J ~ 1500 K ¢ ’ '

More glues available for SC?



Let’s find another lattice
to be doped with carriers!




1D Lattices

Ca,,Cu0O,, BaCu,(Si,Ge),0,
L adders Trestle

JAVAVAVAVAVAY

SrCu,0,, LaCuO, ; SrCuO,

Triangle Kagome
Sr,Cu;0; /\

XX
Ag;NIO; >< >< ><
vV

HTSC

Cu,V,0-,(OH),*2H,0

/ Tetrahedron

Pyrochlore




High-resolution electron microscopy




Ladder compounds

two-leg ladder three-leg ladder




Superconductivity in the two-leg ladder

SC found in (Ca,Sr),,Cu,,0,,

Ca15Sr25CU24044
Single crystal
Uehara et al.

1996

J \ \ | | |
10 20 30 40

Temperature (K)

theoretical prediction by E. Dagotto Uehara & Akimitsu

J~ 2,000 Kl




1D L attices

Ca,,Cu0O,, BaCu,(Si,Ge),0,
L adders Trestle

JAVAVAVAVAVAY

SrCu,0,, LaCuO, - SrCuO,

Triangle Kagome
Sr,Cu;0; /\

XX
Ag;NIO; >< >< ><
vV

HTSC

Cu,V,0-(OH),*2H,0

/ Tetrahedron

Pyrochlore




Squares to triangles
More interesting Superconductors?

pyrochlore lattice

a-pyrochlore Cd,Re, 0,
p-pyrochlore AOs,Oq

Na,CoO,*yH,0O (Takada)




Toward a higher T

1. Increase !

Fundamental Energy Maximum

interaction scale T,

phonons w < 300 K 30 K

spins w=J
2D AF J~ 1500 K 150 K
1D AF J <3000 K X

FM Jem << Jap T.— w, as VN(E:)1

Exitons (1D or interface)
Charge fluctuations, ... 3. Suppress competing order!

2. Increase V! dimensionality: 3D > 2D <1D
_ frustration
but, V1; w| in phonons. carrier doping




l\)

100 ¢

Ts (K)

10 ¢

(o]

Iron Age ?

SUPERCONDUCTIVITY

e O’
T T

N

IREE Hg1223H 1223(HP) | Prospecting for aniron age
- Bi2212 Bi2223 1 Paul M.Grant
Different material options for high-temperature superconductivity —
conduction of electricity with little or no resistance at ‘practical’
1 temperatures — have arrived. Iron compounds are the latest thing.
Mng 7
Y1 23 B=SmFeAsO
canmciog, e sfer. | LNFeAsO
®\ (La,Sr)214 m<|LaFeAsO
B —
(La,Ba)214 Sr Ca)l4-24 KOTOG CaFejAs, TC — 54 K
Na0.33\/2()5_—-"A .p/ RbOS2064
Na,CoO,—a C P
\CSOSZOG
}_ "{ SIZRUO4 CdzRe207
© [
— (i @Y i . i
I 2000 7

Year

Bronze Age

Hg-1223

2008




Crazy paper from ...

Takahide Yamaguchi!® and Yoshihiko Takano?!->3

. National Institute for Materials Science. 1 2-1
. University of Tsukuba. 1 11 Tennodai. Tsukul
.JST TRIP. 1 2-1. Sengen. Tsukuba. 305 0047. .

may be suitable for
Nature or Science,
but not for Journals!

—_
™

v(T) - % (15K) (emu / Oe cm

-0.01

-0.02

-0.03

-0.04

-0.05

Superconductivity in FeTe,_S, induced by alcohol

Keita Deguchil-23, Yoshikazu Mizuguchi!2.3, Toshinori Ozakil3, Shunsuke Tsudals.

FC e R e S ——'}_\S._},-y | e e ol et et T e S

| (70°C 24h) T

A
"

.l"
= /
o /
J
/ 0

/ (b) FeTe, S ,

J kept in alcohol

——Red wine
——White wine

§ —— Japanese sake |
H=10 Oe
| | | | | | | | l
2 4 6 8 10

Temperature (K)
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ol 2021
! Hg1223(HP)~# Sep, 1993
150
April, 1993
T1222
Feb, 1988
! Bi222 Jan, 1988
100} Bi2212 Jan, 1988
" Shutte Y12371" Jan, 1987
| lig. N,
_ (La,Sr)214
50|
I April, 1986
ate  NbC | VsSn NbGe }
| li9. Ho , (La,Ba)214
Ppp Nb ‘
‘Hg V,Si Nb-Al-Ge
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Year



Applications of SC Future

BIREIRADOAHE
S EE
EIRd=

If there is a room-temperature
superconductor,

unnecessary for cooling,
already p = 0 in a chilly morning,
and have to warm it to measure
the transition.

2 Is it good for applications?
t ™ eVl
S, e aga o

New materials science?
| am Interesting physics behind?

Nobel prize?




Where Is a room-
temperature
superconductor ?

u“‘(
. o
.

T

Those who have been working on the copper oxides
for many years may not be able to find it.

For young people, just forget my story and try!







Geometrical Frustration

Spin solids to sf @ﬁ S/
X YXCN
AV A VA VAN

What would happen when it is doped with carriers?
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superconductors *

2011
-@-

» 4
v

Sep, 1993

April, 1993
Feb, 1988
Jan, 1988

Jan, 1988
Jan, 1987

(La,Sr)214
(La,Ba)214\

4
; (Ca,Sr)14vCu24O4€’6

1920 1940 1960 1980 . 1990

‘Y%EElr P(yqjtc) IE;E;F) (:(jZFQE:2()7




cuprates
T A
PN — \\ spin > / Heisenberg
s T s fluct. 2 ~  model .
HEmEE | \ / '
% N

BAEE2006 N

\\‘\\\\-\\\ﬂ\\t}\\ '

cuprates

t-J model

QC-line

BE9.10 #2®&KL\wL 3RIT/H/N—F - TFLOMK

-

i
%

BIEEART YV FOTRERIIRSZEES TRy, Tl Bl 2 ER o

BRI TH#ISH > T R L 225 % kT %,

By @A

AEUWDHE

VS

0

100



BCS-BEC Crossover

H— 18—k NFRYLOR—Z—T
L 5BCSHBIzE A2 2B 5 BB R L DAL
BCS BEC
E=as
&
\ ' HTSC | +
L af-W\EF
ézk—Fe 2krag
< r7 a2 >
0 } > 2 4 \
as)”! 0 (kpas) ™' >0 R— )L % -,
(kae:k U< : (kag)™ Fstrong U \ J 3% i J
- HFREEIN —— o / 11
s | B BHEA
kyT, = (27’ /m )(n/2.612) BRI/ N SIURIZED Bl AE R ELITT IE TS
R 261 RGIE, KREHH—I—RT
ne A, =z IHIUEEDTDOY 1AL T, CAT7H KD LRI
INSTE)—IN—RT HEBERIEELTS
TULETH—/IR—RT7IFHFES D—IN—x R EBIEE
e S Eeh AR BRI (E BADAL SERIERRTEC
IR | 1.TBEC, D%y, B 45 ABCSHANL
B ' T IEZEIZLEfI (2D) TISHEERDRESIZLDS
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Basic idea of the BCS-

DOS(2D)

B0k A type superconductivity

~ - -

I+ /EBNET DB

A

S—_——-"

DOS(2D

T=0K
Jx)L3HER

v D=IN—=RTRYY
‘ "—--~ ............... . (kT, -kl«)

JT)LIEEE (0, BEDIRIL
F—ig) DEFREIT+/ % iE

el NELTZBIADEKE, H—1—R
L PHARBREShTIRILE—Fry
/] ke THELS.

HINTHLEF— B FHEEER
AN 5Y ¢ b= e o Y 1] e 8 - e

7Y, BInEIRRBICERRT D
A J[ﬁk
S5 & BCSIKEE

KERBIZHITERTIVT
— < *E
2 T =w exp| - 1
2A =35k, T, < T O PP TN (E))
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PROPOSED MAGLEV PATHS

K.Kitazawa: Moscow Int. Conf. MSU 2001
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High Temperature Superconductors
SRR LR IT K

Sep, 1993

April, 1993

Feb, 1988
Jan, 1988

Jan, 1988
Jari, 1987

(La,Sr)214
(La,Ba)214|

\'® April, 1986

iq. Hy NbC
_ V,Si Nb-Al-Ge
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Uemura plot & Maekawa plot

T.vs n/m* T.vs AV,

o)
o

[
A
—

(&)
—
5]
| .
3
4+
O
[
(3]
Q.
&
(<)
—
-
2
R
2]
c
O
[ -
—

L

O

5
1 av, (eV)
AV = Vop) - Vo)

Y. Ohta, T. Toyama & S. Maekawa,
Y. J. Uemura, et al., PRL 62, 2317 (1989). PRB 43, 2968 (1991).

O

Relaxation Rate o(T-0) [us™]




Multilayered
Superconductors

Hg1245 with
5 CuO, planes

= AF with less holes

Ba eCu  Hg-1245(UD)  Hg-1245(0PT)a A"/ (V1.U(et- =T 4T o SN SR G
Ca 0O (Te=72K) (Te=108K) 087001 (2006).




Bi HTSCs

Large single crystals



