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At pressures of around 100 GPa, solid oxygen
becomes superconducting, with T, of 0.6 K.
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1GPa=10kbar=10,000 atm

ct. 1 atm~10m water depth K. Shimizu et al. Nature (1998)
10,000 atm~100 km water depth
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“l think | can safely say that nhobody
understands quantum mechanics.”
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Superconductivity is destroyed by the strong magnetic field

>
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Meissner

Normal
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Meissner
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Superconductivity is destroyed by magnetic field

(breakdown of Cooper pairs by magnetic field)
Orbital effect (Lorents force)
p X B

Zeeman effect of spin (Pauli paramagnetism)

K>

S=+1/2 S=-1/2



Orbital effect

p X B



http://www.kobijutu-hakkoudo.com/diary/index.cgi?month=200803

Typhoon July 16, 2007 Japan

eye of a typhoon
(vortex core)

Tokyo
Kyoto 0
o)

Kumano city

SEOMICHEENHEIHL .
(SFEEHME20074F67H16H)



Orbital effect

p X B
4_@. —> Vortex
|:L

Flux quantum

8 \\ 77

Z2A\N

&(coherence length)

A

»
>

M(penetration length)

Vortex 'f‘;“TCI\j)i“ NbSe, ®y=hc/2e=2.07x10”0c* cm?
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Mng (Tc — 39 K) J. Nagamatsu et al., Nature (2001)

100
I Te=39K
8ok \
£t |
S 6ok . |
S
= L
2 4o}
-t} L
(=4
20}
O shas: 1 1 1
0 20 40 60 80 100

Temperature (K)

FIG. 1. Fermi surface of MgBs. The figure is taken from
Ref. [5]. Holes in the o-band form cylinders around the
I'A-line. The w-band has electron and hole pockets located

near the H- and K-points, respectively. Anharmonic E2g 1n0de~70meV
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Three families of unconventional superconductor

Iron pnictide (Fe) Cuprate (Cu) Heavy fermion compound

A

N
o \ //%\\'
R

EXY .

Weakly localized Strongly localized Very strongly localized 4f,
3d-electrons 3d-electrons 5f electrons
Weak correlation Strong correlation

e | — >
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v HR{EIEnEREE
ogo 0., J. G. Bednorz and K.A. Mller, Zeitschrift flr Physik B 6

eg” o0 Possible High T, Superconductivity
in the Ba—La— Cu— O System
0° o 0°
J.G. Bednorz and K.A. Miiller

.‘ ° ‘. IBM Ziirich Research Laboratory, Riischlikon, Switzerland

‘W Received April 17, 1986

Metallic, oxygen-deficient compounds in the Ba—La — Cu— O system, with the composi-

0.06 daimem Dun T o . M hoon hrne smwnsneadd dm cmalemserntn 1l Foea C‘..m.—.1es with
i - — O L, 737 kL of three
A @1537'\1511 '—/_/\)I/I: o = | sooling
005k =% J | I = — = E x E ° : -
A rithmic
v Ry increase, interpreted as a beginning of localization. Finally an abrupt decrease by up
’ S 1 to three orders of magnitude occurs, reminiscent of the onset of percolative superconduc-
004 = 4 5 vy, PR .. . . . .
L 1 tivity. The highest onset temperature is observed in the 30 K range. It is markedly
z e R — oz reduced by high current densities. Thus, it results partially from the percolative nature,
S ooal- - 1 & bute possibly also from 2D superconducting fluctuations of double perovskite layers
a - B of one of the phases present.
7 oo {0008 P ) P _
002 [~ ,: ° 0.25 Afom?
!; = 0.50 Afem? T
Eo = 0.50 Arem?
o, — D004
001 -f =
N i
J
% —— 1c||o T l{m 2cJ)t| 500"

Fig. 1. Temperature dependence of resistivity in Ba, Las _ CugOg 5y
for samples with x(Ba)=1 (upper curves, left scale) and x(Ba)=
0.75 (lower curve, right scale). The first two cases also show the
influence of current density




ETOHRIEYE RBEERICEELTEE

CU-O4 Bi28r20a20u3010+5 Cuozﬁm g’%*ﬁiﬁ

Lag_m SI‘x
]

/‘\
/T\\
/1 \\.

2 RtCuO,Emh
HBInEZHES

@La/SroCu@O QOBi®SrOCaoCu@0O




IRk &R TR
70— F——7 77
——— —r—— f———
FF P PPy Py
22— & gf—o—g 7 LA g7
) J' V>
i Y i
7 '["V 'l\'-

*ﬁ H i
= BHAHEVEF  EATETLELY AR
aYAHIVET S UET Tl SR S BF A BHEED
75\2@?‘?’6/\¢Hi [TFFLNEDHLN H—_Ou mHRAAKELE.
zHENL. T, BFESE TR 5,



AR 1E Y= im

JTJLST7—Y

vy

HEIREA KD

300

Underdoped

Pseudngap/
II o

II

|

|

| /

|

Overdoped

d-wave 4
. SfC Fermi
Liquid
Qcp 777
o

Xy DR
HARA—/N\— BEREPLE

0.1

0.2 0.3

Hole doping (per Cu atom)

1HERTZ HBIEEEHET DA ohDKF
JT)LEEDBEER

=

==

BIEE

BRANSATHAER LD )

i S EE (B[R] R ER R FRTE D B AL)



High-T. superconductors
JIA|CIS

COMMUNICATIONS

Published on Web 02/23/2008

Iron-Based Layered Superconductor La[O4_,F,]JFeAs (x = 0.05-0.12)
with T, = 26 K

Yoichi Kamihara,*T Takumi Watanabe,# Masahiro Hirano,t$ and Hideo Hosonot#+§

ERATO-SORST, JST, Frontier Research Center, Tokyo Institute of Technology, Mail Box 52-13, Materials and
Structures Laboratory, Tokyo Institute of Technology, Mail Box R3-1, and Frontier Research Center, Tokvo Instifute
of Technology, Mail Box S2-13, 4259 Nagatsuta, Midori-ku, Yokohama 226-8503, Japan
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Y. Kamihara et al., JACS, 130, 3296 (2008).




High-T. superconductors

Hosono’s group was not looking for
superconductor, but trying to create new kind of
transparent semiconductors for flat-panel display.

LaFePO T.=4 K
LaFeP(O,F) T=7K

LaFeAs(O,F) T.=26 K
Only two months!

SmFeAs(O,F)  T.;=96K



Fe-based high-T, superconductors

42622

(32522)
: ! ! 1111
) 0 122 111 11
?ﬁ o/v\o
°o ° Aydy? A i
%& %‘0 ‘ ‘ Ba Ll° © o ©
SN ,A:é‘\. Thes, ghys el
(A,M,0,) Fe,As, Ln FeAsO BaFe,As, LiFeAs FeSe
T.(max)=47K T.(max)=55K T (max)=38K T=18K T=8K
Y. Kamihara et al.(2008) M. Rotter et al.(2008) X.C.Wang et al.(2008) F.C.Hsu et al.(2008)

Zhu et al.(2009)
Ogino et al. (2009)

7T=110K?
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2D Nodeless Nodal Larg\i %(q)
S+ d A(k+q)A(K) < 0
J_ t X J_ —|—\ X Sign change
clectron electron
_|_
i @ 3D Node in hole band
hole +hole )
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—-— NS \ O N—A_
HBIGE vy yﬁl (;tjt% = B
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AN AN

electiron -

@+ : N electron Node in electron band
hole hole

P.J. Hirshfeld, M.M. Korshunov and I.I. Mazin, Rep. Prog. Phys. (11) see references therein




High-T. superconductivity in FeSe

F.-C.Hsu et al.,
PNAS 105, 14262 (2008).

Superconductivity in single-layer films of FeSe with a transition temperature
above 100 K

Jian-Feng Ge', Zhi-Long Liu', Canhua Liu'*, Chun-Lei Gao’, Dong Qianl, Qi-Kun Xue”*, Ying
Liu"’, Jin-Feng Jia'*

Side view of 4PP

100pm or 10pm _
FeSe film

SrTiO; substrate
FeSe/SrTi0O,
One monolayer
T.>100 K
g
J-F. Ge et al. S
Nature Mat. (2014)




BCS-BEC crossover

Unitary Fermi gas

Fermi liquid

8 Q
q
5
Y
crossover regime %
1/k-a
< BCS _ _ BEC—>
« cooperative strongly interacting « tightly bound
Connar nairinn pairs molecules
4 pair size ~ knt L 1
Conventional superconductors . F *par size< k
A/& ~103-10* F&~ 1 kré <1
High-T. cuprates A T. 1

L A&~101-10% ) e Tr  Ehr



http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
k_F/xi /ll 1
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
k_F/xi /sim 1
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
k_F/xi /gg 1
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/sim k_F^{-1}
/end{align*}

T, (K)
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Bi,Sr,Ca,Cu,0, i B | FeSe (one monolayer)
100 |~ PP
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liquid N,
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resistivity {arb. units)

BBk

BN EEEF R IBIEE (CeCu,Si,)

Superconductivity in the Presence of Strong Pauli Paramagnetism: CeCu,Si,

F. Steglich
Instilut fiiv FesthBrperphysik, Technische Hochschule Darmstadt, D-6100 Darmstadt, West Germany

Si
and

Ji Aarts, C. D. Bredl, W, Lieke, D, Meschede, and W, Franz
11, Prystkalisches Instilut, Universitit zu Koln, D-5000 Kiln 41, West Gevrmany

and

H, Schafer Cu
Eduard-Zintl-Institut, Technische Hoehsehule Davmstadl, D-6100 Davmsladt, West Germany

F. Steglich et al., Physical Review Letters 43, 1892 (1979).
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Superfluid *He

Pa
H SHe-Ap

Normal 3He
Fermi liquid
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A- and A - phases
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PuCoGa; (T.=18 K)

v’ Periodic Table of the Elements e
3 4 N hydrogen B poor metals 5 6 7 8 E] 10
Be alkali metals B nonmetals B C N @] F Ne

m = | alkall.e.arth metlals B noble gashes : = G = = =
Mg M transition metals M rare earth metals A Si P S cl | Ar
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PuCoGa; (T,=18 K)
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D. Jerome et al., Journal de Physique Letter 41, L95 (1980).
D. Jerome K. Bechgaard

, e7TRES 4 (1980) L]os - L-98 IS FEvRIER 1980, PAGE L-95 1 FRITI/RG6K) // 1
o °

o / th
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ftonductivity in a synthetic organic conductor (TMTSF),PF (1) 05 / (TMTSF),PF,

p. Jérome, A. Mazaud, M. Ribault

| aboratoire de Physique des Solides (*), Université Paris-Sud, 91405 Orsay, France J

1 K. Bechgaard (1 B A

Sand
Oersted Institute, Universitetsparken 5, DK-2100 Copenhagen, Denmark ;
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ductor

Organic supercon

- Cu[N(CN),|Br layer
- BEDT-TTF layer

S

x-(BEDT-TTF),Cu(NCS), (T,=10.4K)
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http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
(k/uparrow, k/downarrow)
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/Delta/sim /cos  {/vec q} /cdot {/vec r}
/end{align*}

FFLO State in Neutron Star FFLO State in Rotating

Color superconductivity Bose-Einstein-Condensate

R.Casalbuoni and G.Nardulli
Rev. Mod. Phys. (2004) .
(No observation so far)
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Na - atoms
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130 vortices

Ketterle-group
MIT, 2001
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Crab Nebula

Hubble Space Telescope - Wide Field
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CePt;81 [A(p) = As(p)ioy + Ay(p)(P x 7T) - 57;‘79}

potential
gradient

Py

P, Fermi Surface
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http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
C/Psi=/Psi^{/ast}
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/Delta=/Delta_0 /cos{/vec{q} /cdot /vec{r}}
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/Delta/sim e^{i {/vec q} /cdot {/vec r}}
/end{align*}
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The fundamental laws necessary for the mathematical treatment of a large
part of physics and the whole of chemistry are thus completely known,
and the difficulty lies only in the fact that application of these laws leads to
equations that are too complex to be solved. Paul A. M. Dirac 1929
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“"The behavior of large and complex aggregations of
elementary particles, it turns out, is not to be
understood in terms of a simple extrapolation of the
properties of a few particles. Instead, at each level of
complexity entirely new properties appear, and the
understanding of the new behaviors requires research
which | think is as fundamental in its nature as any
other:’

PW.Anderson ""More is Different" .

Science 4 August 1972:
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