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Pseudogap temperature T*
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Temperature-dependent pseudogap opening
and Fermi “arc” formation

ARPES of underdoped Bi2212
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Temperature-dependent pseudogap opening
and Fermi “arc” formation

ARPES of optimally doped
LSCO

> A (~2Ay)

300

A .
o~ * .
: éZOO T ¢
N . .
= . . Fermi liquid
: :
p 55K | = 100 pseudogap’
© -
ot -
£ : 0.1 0.2 0.3
80k | = 30 N
: 3 20f] .\‘\ A |
[ o
: £ \
. a o
TC

—— Node
—— Anti node

10H
1o K (@.312)ks T, 1™ \
-100  -50 0 50 100 Of 2

Energy Relative to E. (meV) Y TR T. Yoshida et al.
) f50
c TR T

Pseudogap behavior in AIPES spectra
of La, Sr,CuO,

AIPES spectra DOS Normalized DOS
1.0 T — 10Kl __ 10 T T T -
— 30K| 2 210
2 08| 50K{ § | E
£ 100k| 2 08 £ 08
3 — 150K| & S
£ 06 200K| @ 06— 10K 4 @
S 250K| 2 —— 30K 306
2 04l —300Kl & .1 50K 2
@ « 04— 100K M« 04
15 - —— 150K \
E 02| *=0.15 4 202 200k 1 2 02
Tc=39K € —— 250K g
0 . e T 300K, 1 2 1 1 I
-0.2 01 0 0. -020 -0.15 -0.10 005 O -020 -0.15 -0.10 005 0
Energy relative to E;. (eV) Energy relative to E. (eV) Energy relative to E. (eV)
—— ——
divided by FD function divided by DOS(300 K)
T 6 T T T
3 5 = L —
é A - ?%K T 4l = gOKK 4
s 3k \ 150K _| 50K
> Au 200¢ 3 Au — 100K 7
- 2k 250K | 150K
H — 300K 2 200K -
0 L 0 I ! L
-0.10 0 0.10 -0.12 -0.08 -0.04 0
Energy relative to E, (eV) Energy relative to E, (eV)

M. Hashimoto et al., PRB ‘07

— 104 —




JAEA-Review 2008-011

Pseudogap behavior in AIPES spectra

of La, ,Sr,CuO,
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Spin susceptibility of underdoped
cuprates from NMR Knight shifts
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Temperature-dependent pseudogap opening
and Fermi “arc” formation

ARPES of optimally doped
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Pseudogap opening and Fermi “arc” formation
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Fermi surface and “remnant” Fermi surface
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Electronic specific heat
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Electrical resistivity beyond loffe-Regel limit
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Nearly long-range AF order
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CDW, polaron effects

Fermi arc in Na,Ca,_,CuCl,O,
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d-wave pairing fluctuations
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RVB
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Time-reversal symmetry breaking
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Previous view of superconducting gap in
underdoped cuprates
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Decrease of superconducting gap with
underdoping?

Raman scattering
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Distinct temperature and energy scales of
superconductivity and pseudogap

Characteristic temperature vs doping
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Distinct superconducting gap and pseudogap
in AIPES spectra of LSCO
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Distinct energy scales A* and A, in
underdoped Bi2212
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Distinct energy scales A* and A, in
underdoped Bi2212
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Momentum dependence of superconducting
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1

Distinct energy scales A* and A, in

underdoped La,_,S
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Doping dependences of A* and A,
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Temperature evolution of gaps/pseudogaps
in the presence of Fermi arc
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Does Fermi arc end at AF Brillouin zone
boundary?
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Temperature dependence of superconducting
gap in optimally doped La,_Sr,CuO,
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Origin of superfluid in underdoped cuprates:

Antinodal region ?
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Origin of superfluid in underdoped cuprates

Condensation energy of superfluid:
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Superfluid density as a function of hole doping

Superfluid density: ngoc f‘L‘F ds o Fermi arc length

London penetration depth: 1/A%, = ppe*ng/m*
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Uemura relation and isotope effect

Superfluid density as a function T
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Uemura relation and isotope effect

Uemura relation Ny =T _
Isotope effect ANy o= AT_
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Pseudogap (T*, A*) vs
superconducting gap (T, A.)

T* <=  A* material independent

2%k T*~ 4.3

A, = (V2/a)v,|material dependent |
/ 2(Bi2201) ~ 2A,(LSCO)
¢ Age G
L, material independent oc X
Ay, ~ Ay (@I2V2)L,
2AJks T ~8 for OP
oA JksTs >~ 4.3

Material dependence of other parameters

Hubbard (U-t, U-t-t’, U-t-t’-t”,...) model,
t-J (t-t*-J, t-t-t’-J,...) model,

U ~ 4 eV: independent
J~ 0.1 eV:independent (neutron, Raman)

t ~ 0.3 eV: independent (LDA, ~ (1/2)(J/U)"2)

t’, t’, . are dependent
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Microscopic origin of the material dependence
of d-wave order parameter amplitude A,

Effects beyond the single CuO, plane: t, t’, ...
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Is the underlying normal state an arc metal
or a nodal metal ?
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Doping and temperature evolution of
Fermi arc length
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Breakdown of Nodal-liquid scaling in
electronic specific heats
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NMR relaxation rate in Bi2201
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Fermi arc under broken time-reversal symmetry

EZ = €, £Dy(1 — T/T,)*cos’(2a)/[1 + (€ /€.)*]

for Ex = u,

>
(2m)

®(T/T)/ (28

oL(deg)

C. M. Varma and L. Zhu, PRL ‘07

Outline

o Xy S, JTIZ-T—Y
— BEREEIZEONDEY vy
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[
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Effects of out-of-plane disorder on
transport properties

e [ ) © In-plane resistivity of Bi, ;Sr, 4R 4CuQOg,5
wrer [ A D, A\b
T = 038 ; .
" ¢ ( 1,) Bi ¢Sry 6Lng 4CuOg,5
O\ Ca, NaCuO,Cl, 7
e oo, S 'g
“Bu.‘_,u,,cu(: : G s
N ) A (a-2) A (b-2) N \%
A |\ ah A <
EEEemn e |
v 000, | |agon vouon [[o6 |IiBacacu, il :
o 1 1
o p— - % 100 200 300
% a5 L T (K)
v | . La=1.14A
o=Tp=e 85 G0k [0 Tewce.cuo,.  [1ar]
Ton a0, |1 Nd=1.04 A
ﬁ Eu=0.98 A
Gd=0.97 A
H. Eisaki et al., PRB ‘04 K. Fuijita et al., PRL ‘05

Out-of-plane vs in-plane disorder effects on
transport properties

Zn-doping effect on resistivity Residual resistivity vs Tc

T T
. La,_,Sr,Cuy_,Zn,04 x=0.15 T ? T T T
T os ® Ln-Bi2201
G 0ke SN G, Nd-LSCO 4
\E, ‘. ‘ S O'e/‘
Y El ~ % |
Q  oLil S~ o
> o ' Sol
B Laz_,Sr,Cul_ Zn,04 x=0.20 S (6\ -
E 03F  ,-004 = b <
2 02l oot =] i Y ]
.2 z=0. =
& 2=0.00 ” .._ \\‘
0.1 . % S 7]
i | | Born scatters Unitary scatters |
0 100 200 300 ~
Temperature (K) OI— & ! i ! ; s
0 > 2 4 6
2D
=g P (kYD)
25
=1 - \
Y. Fukuzumi et al. PRL ‘96 © — K. Fujita et al., PRL ‘05
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ARPES results on disorder-controlled
Bi2201

Bi, oSy gLag 4CuOg.5
aOP)
superstructure
©
N
E
o
20 18 16 14 12 10
k,(x/a)
Bi, oSry 6Gdy 4CuOg.5

00 =
20 18 16 14 12 10
k (r/a)

Fermi surfaces
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o GdOP
08 O LaOP —
]
06 % —
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04 A -
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; DN
L1 1 1
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0 02 04 06 08 10
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M. Hashimoto et al.
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ARPES results on disorder-controlled
Bi2201

Fermi surfaces
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6. lARRIEMIZH ITS2EEBEEREHE] (ZTDOUVT

FOER R A E 2
5

[1] Bk HA

S IR B E N AL SN T 2 0K D4 H ClImiRB 8B O #H B OB IREBIX
IR ST D, BIIEITE > Mk (ELITEMBEE) Thy | K=z
X —fhE L Cu2@)IZfES A OHBEDATH Y Ziix Heisenberg A £
Hamiltonian CRlil S5, F—7 A —/MERITBEYEIZAY | Cuz A LR
<4 LT Zhang-Rice(ZR) singlet IRREZ KT 5, Fa O ESRIEDT-HIZ ZR
singlet IZfEMmHF 2B X[EY . Zix tJET LTI TERBEEIND,

2lt—JET L

2EEAPRE VIR ZEO t-J BT AOR T LV, BRI AR R,
WRME AL —TRi T (AL —T7HR V) 1L »> TEEL L7 Hamiltonian (29 % 75 1
B EOEZFHEIC L > T TE T, fiE T A - B B2 EL, A >
FarBXOENLOMOMAEER, 7F—U%, L L THREAT S, AREEICHT H5E
WAREZR A L—T R Y U TR UL E &I B W TS 5 S O OFHE 72 B SR 36 X
O AF—=N—REDHFEE TET Do — HAEGFHREITHFEE( T=0)IZBR 2 237 &k
IZEND, ZOME L T=0 IZBWTIXFRIZ%E Th 0 il TFE AT ER 72,

[3] Underdoped fEIKIZ IS 1T 2 Fifnd 7o i E

SR RS D R T RO TRER2E FIREBN R 2 B3 D1 underdoped FHITH
LM, EITIRHIREDO TREICHEN, A UFy v EEXy v ) RE, Tg, XA R
I, Tonset, &5 7 B AA— N"—IREZRET BEEHEMNEE, Tc | 28D, tJET
JAZKIT DAL —T R Y U5 Ul LU Tg IZA Y/ o O—EHEKEOIRE, Te i
Ao OR—XEHRREE Z 2 b5, £7- Tonset idn L EHOEFAHaE —L A
CRIRE LB IS,

[4] Zhns ot

DX td TETNMIET DAL =T R Y IR RIS X ARER B S v R R e
FIRFEE L OMITITA O SERN 6N D, LIeRoT, EREFERNDICL D
NTZEEL - RN 2 E D, 72 & 21X, underdoped FEIKICI W THREMRENFEH L T
WZRWSRAET TO”Fermi arc”, ZiL & RFHRAYICEIZEIREB TR O D d T v v 7 IREERE
A 72"Fermi point” & W) EWR T —UEORED XL 78 ) HERL T O Fam OEREL &
LTHRETE 5008 97202 S BITITBEEL BN &0 L5 ITREAT b 7 2 FEHKR S
LEN L B D,

EESEN

1. DR¥BetmEL 2 | GERET A =T 47 0 v 7 1999) 52 &

2. M. Ogata and H. Fukuyama: “t-J model for Copper Oxides Superconductors” to be
published in Report of Physics.
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B E R HEE
EFE—LICKIEREBLEHEDREEA )
2007. 12. 14— 15@E#HENHRTIL

MEAERIEMICHE T 5 e RBIEERTE DT
RREBREXF
&L F 8
“t-d model for High Temperature Superconductivity”
to be published in Report of Physics,
M. Ogata and HF
HF T XZERYEYE -2 GBk#L) F2&F

content

1) ALY DEFIKEOERK

High Tc is realized in doped Mott insulator.
2) t-d model is canonical.
3) Results of mean field approx. for t-J model.
4) Particular expt. features
5) Future targets
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(B RBEERRRE)
VNEETDEESEFLIEELEDTE R

Only a few saw expt. data as a whole,
but many (actually almost all) saw only a part of expt. facts based on one’s limited
knowledge and then created fancies.

S BAREIZT S1=6IZ Hole doped region 2R3,

MEZRI~NDRE,

riﬁéi’éf)\ijﬁglziiﬁﬁbs WRERATLIRRIIMAZER. TNISHLTHRGRERZHLT
BIBICADE=OIZ@ZES S ? 1ZBAREIC !

BRROW|EICKRLTIE
ERRICHLTOBESTDEZDBN . ENERBAT H-OISERBRFEDOBE DR
BROAST . BICHLHITT RERAE B HNIETN) DFE)

EEGREBRER
1) BYE T MEZAE: Anderson
S=1/2 Cu**(d°:d ;)
Heisenberg spin Hamiltonian
Expt. ¥ Endoh
X Pines, Moriya, Yamada
2)EE ICITERBE R Y MEZAE
Op #EHRIMN d° - dODFEIZHFE
=> doped hole(XF &L TOIZA S, ZMDdoped
hole &58<mixg 5D I[&Cu: dx?-y?

Expt. PES Fujimori,--
X Emery, Kamimura

— 145 —



JAEA-Review 2008-011

EELGREBER

1) BYME T YMERIA
S=1/2 Cu**(d°:d ;)
Heisenberg spin Hamiltonian
Expt. ¥ Endoh

At & =0: localized spins => Mott insulator

Essentially different from band insulators

Insulating even in paramagnetic states and described by the Heisenberg model

(i) o

Expts.
*Endoh et al., (1988) R TN=325K
Existence of Localized spins oozt

Quantum spins : S=1/2
*Keimer et al.,(1992)
Detailed studies on undoped and lightly ot}
doped cases
) Data: Endoh et al.
H=J %" S5, 45, + 00y gsPSh & ¢ 100 200 3(')T0(Kz;60 506 600

it By

Chakravarty,Halperin,Nelson(1989)

bee b
o SISy TS SOH @ Z S Siva, | Non-linear 0'-model
1

=> Cu*2: d° -- Half-filled band of Cu dx2_y2 orbitals
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EELGRERERE
1) BYME TV MERAK

S=1/2 Cu**(d°:d ;)

Heisenberg spin Hamiltonian

Expt. ¥ Endoh
=>4, single band Hubbard model TZ& % %

51X, strong coupling $E1E
X Pines, Moriya,Yamada: spin fluc.

Phase diagram

half filling (6=0)

T=0 Variational Theory

t-t’-U Hubbard model

| Mott Insulator

Pines, Moriya, Yamada

10 I T
n=10 [~

8 - ]

P-I <

6f x| SC 1

I AF_I (d-wave) P-M

D X ]

4k ]

(weak SC)

2F % .

P-M
0 ! ! ! !
-0.1 -02 -03 -04 -0.5

t'/t

Yokoyama, Ogata, Tanaka, J. Phys. Soc. Japan 75, 114706 (2006)
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Doped Case

d-wave pair correlation function/O Large U (U> U,)

0.03f o
0
J -0.1
002 J o
Q
0.01} 1
il P —~— ‘Doped Mott insulator”
o $9gTn e | |
0 10 20 30
U/t
Ucrossover
e Small U (U< Ug)
weak-coupling region, consistent with QMIC
=> Spin fluc.
BEELGERER

2B E [T ERMBE R BV MERK
Op #ELIH d°- dDREIZFFE
=>doped holel[dF &L TOIZAS,
Z®Mdoped hole &58<mixd 5D (&
Cu: dx2-y?
Expt. PES Fujimori,--
X Kamimura
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Symmetry of holes in high-7, superconductors

N Niicker, H. Romberg, X. X. Xi,* and J ka

m Karlsrube In
i NGrisiune, 1.

io Hie AFiBtocos Eoce
J

Max-Planck-Institut fiir Festkorperphysik, Heisenbergstrasse 1. D-7000 Stuttgart 80. Federal Republic of Germany

Z. X. Zhao
Institute of Physics, Chinese Academy of Science, Beijing, People’s Republic of
(Received 25 October l988)

High-energy electron energy-loss spectroscopy in transmission has been used to obtain informa-

tion on the symmetry of unoccupied electronic states in the new high-T. superconductors. In par-
ticular, for YBa;Cu;0; and Ri;Sr:CaCu;0;, the O 1s and Cu 25 absor adoas hava haan

....... YBa:Cu;07 and Bi;Sr;CaCu;Os, the O 1s and Cu 2p absorption edges have been
measured for momentum transfer parallel and perpendicular to the a,b plane. Both ¢ and in-
plane z holes on O, formed upon doping, are compatible with our experimental results. For

vn.. [T Toaey Repeeasa) Loatoo .
Y Ba:Cu3y0Cs, in both cases, hioles musi be in the pian

and in ihe ribbons. Oui-of-plane 7 holes
can be excluded for YBa;CuiO7 and Bi:Sr2CaCu;Qs. In the undoped and doped compounds, the
unoccupied states on the Cu sites have predominantly in-plane 3d,2_,2 symmetry. There is an
admixture of about 10% of lower-lying states probably with 3d, 1_,2 symmetry.

Nucker et al., PRB 39, 6619 (1989)

McMahan et al, PRB38, 6650 (1988)

Some understanding of the O bands in Fig. 1(b) is pro-
vided by Fig. 2, which sketches the bands arising from
near-neighbor interactions of a two-dimensional square O
lattice, as occurs in the CuO; layers. In the La;CuOy
structure, the doubly degenerate states at X are split, and
may conveniently be classified by their transformation
properties about the Cu sites, as shown by the orbital
sketches to the right of Fig. 2. These states may be
identified in Fig. 1{b) as foliows: d,2_,: (—2.9 eV},

Exyixi-yn (—3.6 eV), dy (—6.3 c\") and s or dy,:_,:
(29 3'eV). A notation in current usel"r" labels tﬁat Px

ENERGY (eV)

=

322 EERRT 7

omEkFHIEN | |/ § .0
ESBIZH B, N\ / e

Y

/\

2\ |

Fig.1 (a) LDA calculation for La2Cu0O4 \&_ e‘i@ﬁe

(b) Cu(3d) components are eliminated.

ENERGY (eV)

r X S,dg,2,2 d,

FIG. 2. Near-neighhor tight-hinding p bands for two-
dimensional square O lattice. Sketches of X -point orbitals are
labeled according to symmetry about the Cu sites at the center

of the squares.
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d $0, Hole-doping

A doped hole mainly on O forms a Zhang-Rice singlet

Pisdy
A common feature of the high-T. oxides is the quasi // \\
two-dimensional motion of electrons within CuO; o 1o i X pi vy
planes®'! which have a structure'? shown in Fig. 1. It Phi L AN, vy [SEUS N i
will be assumed that the Hamiltonian for a single plane CEAGE) G AN G
is given by an extended Hubbard model, \\ di //
B —— \ s
H=T ejatap+~ ¥ Ugabaial [4}] Y 4
2 €ijiodo 5 2 Uijlitiod o a o N =) 4
i ij
CL Py Ox2.,2 - symmetric
Here, i labels a copper or an oxygen site, and the vac- orbitals

uum consists of Cu* (all d states occupied) and O~
(all p states occupied). The operators aj, create holes Zhana-Rice singlet(1988
with spin o in the Cu(3d,._,:), OQ2p,), or OQ2p,) 9 9 ( )
states which are the ones most strongly hybridized by
overlap integrals.®'® The site-diagonal terms (e, Uy)

are (e,,U,) and (es,U;) for O(2p) and Cu(3d) states, t -J model:
d-p model O Cu Heg=H,+ H,
Emery(1987) S

Hg -J%;S;-S_,-,
Impurity effects are different from single band, g, = ¥ 1,;(1 —n;, -,)did;s(1 —n; ;)
e.g. Zn vs Ni it

Spatial extent of ZR singlets is sensitive
to band parameters

Even apical oxygens affect

©

Fig. 5. Wave functions of the singlet bound state '[cc]
with &= —4.0. (@) Ty=0.2, ,=0, 6,=0, (b) ,=0.2,
£=0.6, ,=0.3, (0) T,=0.2, £,=0.6, ,=0.

H=I 3, . 8 PO Doy
P p

+Ik 2 281 PO Das . :
LONPIRLSES Transfer integrals of ZR singlets
-3 N Tuplpnt+l. Y 88, * long-ranged
i ap ik

* different between T" and T* structure
= Parametrization of ;in t-J model
Matsukawa-HF(1989.1990)
Tanamoto-Kohno-HF(1992): magnetic excitations
Introduction and parametrization of  cf. Similar parametrization for d-p model:
t-t' tofit FS => t-t-J model Sietal., (1993)
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Zhang-Rice singlet

Emer

Ferromagentic interaction through O hole (Aharony et al, Emery-Reiter)

| I or 2lT I D=L 1T D=1t 1T
Cu O Cu

Equivalent state in terms of Zhang-Rice singlet ( O )

r O + O 1
Cu Cu Cu Cu

Varma; charge transfer excitations between Cu and O
=> not so close in energy
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—

a)

1\_ P S U
4+t
4= = s e o el

) UGS

¥~ . _ _ -
g g \g
4+ + 4+ + 4+ Fe

JPSJ. 62, 3368 (1993).
H. Kamimura and Y. Suwa

Impossible for low energy transport since
1) Energy levels of b1g and b1g arenot so close
2) There is no af coherence in Cu spins

t-J model
SIADRRAIE S => d,,,, singlet
Jleads to
* antiferromagnetism in bulk
but
* singlet for 2 spins Mott physics

Does not need any bosonic glues

for attractive interaction!
Spin fluctuations are not cause of SC,
Instead,SC affects magnetic excitations.

Actually there seem no expt. indications of bosonic
glues.
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*
x
% 06
x
;2 [l ¥
e 1
S . < |
E E
: L2

=
=
=
b
“
»
®
=

@n  mE @OA
(047, m) {0.57,0.5m)

1
{057, 0.5m)

B. Keimer, neutron scattering. t/J=2.5
Yamase-Metzner,PRB73(2006)214517.

Features of High Tc cuprates

1) BYE IXEYMERZK

“TRiEER"
2)BREICITEBERBEER . BRDKE
3)t-J ETJL;J AF & Singlet (SC)
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Present Status of Theoretical treatment of {-J model
Slave boson mean field approx.

spinons ( 7, ) &holons ( b )

alo = flbis Y Sl fio +0lbi=1
Anderson (1987) 7
Baskaran-Zou-Anderson (1987)
Suzumura-Hasegawa-HF (1987)
Isawa-Maekawa-Ebisawa (1987)
Kotliar (1988)

IRE T(K)
B

TRVB = singlet formation of spinons
( dX2_y2 symmetry)
TB = Bose condensation of holons T< TB electron liquid( Fermi liquid ?)
Tc = onset of superconductivity
( both spinon RVB and holon Bose condensation needed) FS
Origin of “attracitve interaction” : J ! Not bosonic mode.
8%0,T-> 0, spinon - holon confined => electrons
Whether this electron liquid is Fermi liquid or not, is another issue.

SG:TB<T<TRVB

Elaborations needed
beyond mean-field approx.

In mean field approx.

Spin gap: short range order of spinon singlets

Onset of SC: Bose condensation of holons

Beyond,

* holons (Charge): hard core bosons

* Spinon-holon interaction via gauge fields

Description of onset of SC in the presence of spin-gap

to be compared with more detailed STS near nodes.

Open question !!

Electrons: FS same as spinons with large damping for T>Tc

but small one for T<Tc
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Phase Diagram Warning by NMR

In cleaner systems

AF and SC are face to face
with first order phase boundary,
even coexistence !

“dome” typically in LSCO

H. Mukuda et al, PRL 96, 087001 (2006)
Nd,.,Ce,CuO, La, Sr,Cu0,
~ 0.8
so0f- = (a)
electron-dopi S o
_ao} . hole-doping 0 T .
g (b)
o HTT Phase
_E 300k L AR 5
& X
& 200} IDAF, ‘ 170 Phase g 2 AFMM r
2 € 1 "
" . AF g AFMM+SC
L . g
Spin Glass [ )
' s.C. [ I =1 v -
SN A
8z 01 0 01 02 03 SC
Ce doping x Sr doping x
mm‘w%)o.;z]l] Lo.s
{ & Ok O
o\\Q Q«\\Q\Qo\o & & «\%\%o‘
F St RO
RGO I A
A 2 e
FURRC P & S

Pseudo-gap
in underdoped regions
Originally noted in NMR (spin correlations) “spin gap”

A. 1/T,: Yasuoka, Imai, Shimizu (1989)
B. K: Takigawa et al. (PRB 1991)

20, T
b . N
~ ® T
- 0 A
X W
T go =
8 'vﬁe‘aﬂgs . £
@ 30" g N =
~ * " #Ggo0 WE, 3,
- 10r - 40020 " 2 g
[he % " *00e K §
K G N :
= o " = Under 8 )
O (Te=79K) o4r s
40u o Optimally =
ou (Te=86K)
' . + Over
(Te=77.3K)
0 100 200 300 e 00 20
T ( K ) L] T(K)

Neutron scattering as well.
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Pseudo-gap
iIn underdoped regions

Later in ARPES (one particle spectra)
Similar k-dependence to d-wave in superconductivity

1.0 = T=40K A(0)=43moV
- T=140K .(0)=52 meV|
08
< o6} k-dependence as a function of T
Tl Kanigel ef al, Nature Phys. (2006)
0z \
b = m\‘ s : Width of zero-gap disappear as T->0 by extrapolation.

30 40
0 BNL: direct observation in LBCO (Tc suppressed by “1/8”)

Existence of nodal metals
in pseudo-gap regime

= 11
s0f-
. —
L
E L
=
E 10k
Node
Eﬂn/
1) & it L i 1 i 1
0 02 0.4 0e 0.8 1.0
t=1T

A. Kanigel et al., Nature Physics 2, 447(2006)
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Underdoped
(STM) scales with T*

T. Nakano et al, JPSJ 67, 2622 (1998)

[
th e
Il

3 \u
24 /kgT,

2A/kgT, , 28 /kgT*
—
(]

[
INRE 77 % 2%
0 1 L 1
0 0.5 1.5 2

1
P/Po

Nernst Phase
Ong

-0-0-0-0-0-0 LSCO'012 40

M
L

Te=29K
(b)

Large Nernst effects(en) _ s}
below Tonset
Clearly:

Tc< Tonset < T*

e |

pLE v
LB T ppp— -4

0
0.00 0.05 0.10 0.15 0.20
Sr content x

0.25 0.30

—_p al

100 150 200

. . o o _T(K) Y. Wang et al, PRB 73, 024510 (2006)
Vortex liquid : finite resistivity, in contrast to vortex

solids which are superconducting.
“Fluctuations of superconductivity”

but, not conventional Gaussian

rather similar to KT, phase fluctuations

50

=> Strong attractive interaction
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Transition to superconductivity

Microwave absorption UD: KT-like OD: mean-field
100 v 720H X odhe 15

FIG. 2. (Color) The phase-stiffness temperature for the film with
(a) x=0.07, (b) x=0.12, (c) x=0.14, and (d) x=0.16. The dashed
straight line represents (8/77)T. The solid straight line gives the bare
phase stiffness in the XY model, while it gives the mean-field su-
perfluid density in the GL theory. In each panel, the dc resistance
was given by red solid curves.

H. Kitano et al, PRB 73, 092504 (2006)

Pseudo-gap
iIn underdoped regions

Cooper- pair amplitudes are established well above T,
— Preformed pairs in Mott physics

*KT like transition at 7,

*Vortices are present for T>>T_ (Nernst effects)

Specific heat

Loram et al.,(1993)

Y (mifgatK?)
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Anomalies in SG
B1g: Raman freq. shift

NMR:T1 STM
20 0.2 BEER REEEA LAZLF RoEap
4 T T 2S5 T T T
(b) o > @ _i.v ] T Az ——
: el : -]
¥ 11 ¥ 151 x
v g, 9'70'2—_ B
p 2360, g 1} -, = h 5=02
§ & Q’:“uvﬂgg‘m- = T, ‘:} = .2 foe - wo=0.154
- *© _!‘.‘Qogooo-..! ] 05+ R : " ] 2—0.4F Tayg™ 0.069 J
= 10 L Teeggo " & 3
= % " %000 w2 y ‘ —0.6 Ll ol haoynnsl
= % 2B m G 002 004 0.06 0.08 0.1 0.12
- o " L] ‘l{nder > \‘Z.A./k.,n T
{Te=79K) 10 4
oo O(c%;ﬁmsaé.% ; = . Neutron,Pyka et al.(1993)
o)  Over g‘: 5 Ayt # % MF-S 1
. (Te=773K) 5 ©)
, ‘ T, ; : . .
0 100 200 300 0 0.5 1 15 2 t
i PP, e Y124 41 em’
T{K) -
i;m i
. . 341 .
T*~ TRVB Scaling of gap with T* # }.

339 e %
Zf?ﬁ" WIF éc T

{B)B.g C 100 200 300
(340 em™')

Y (mijgark’)

Similar shift in YBCO(248)
for T< T* [Kall et al.(1994)]

Normand et al.(1996)

‘LEQ:erCuOd‘
Tc< Tonset < T*

T* is in spin sector, then
What is Tonset ?

8.00%.05 0.10 0.15 0.20 0.25 0.30
Sr content x

A crossover between (as T is lowered)
. * staggered flux phase — dSC
w0 ] [Lee-Wen (extension of 2001)]
= *uniform RVB — locking of spin and charge
triad [Anderson(2006)]

200

U(1) : Onset of coherent motion of holons ?

0600 005 010 0.15 020 0.25 030
hole density p

Y. Wang et al, PRB 73, 024510 (2006)
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0.06

Preformed pairs in d-p model
with Mott physics

0.04

0.02!

AF

N 4
0.0s 0.1 015 0.2 i 0.25

Kobayashi-Tsuruta
-Matuura-Kuroda (1999,2001)

Slave boson together with
1/N expansions

How about Tonset ?

Magnetic excitations

Tanamoto-Kohno-HF(1993,94)

wi=i0 $-020
b =i
4.00 e 0.2
o] (o)
g 30,
= L

1.00
0,
©0) , (0] g nm] g (00
(a)
5-0.20
il VT

ST ol

I\..'

S,

o
b

i
.00
10.0)

{6}

a (w0 g (a.m) o 100)

LSCO

x(q, @) = xo(g, @)1 +Jx(g, )]

J,=Jicos g.a + cos 4,a)

tH=2Te
Fis YBaxCuwsOgr T-20K
A0
=
" o s
- A i
2.00 ! E
&
0! c
©
00 , (x0 . (m. g
(a) 3
e °
b i Sro.15 &
1rim s ST '“".,,jg
—_— =
g
w 0.50
i, f—x‘:\
—,/f/:’ﬁ"’"— .:‘%':.
7 A « »
Hour-glass

L)

0.00
(0,0} 4 (n0 g (r.x) o 10.0)

Arai et al.(1999)
Magnetic excitons?

YBCO
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b @w @mw oAr |
(04, 7) {0.5x,0.5m)

Yamase-Metzner,PRB73(2006)214517. 19722

Effects of Disorder
STM-STS: correlations with ARPES

highly disordered at high energies but clear quantum coherence at low energy

1.0- IE I
0_3: Persistence of quantum coherence
S N at low energies
2]
f 0.6-
% cf. Disorder-induced AF in spin-Peierls systems
B Cu(Ge,Si)03
0.2,
o-gnn ,jlﬂ f'\ :‘n 1nn

Sample Bias (mV)

Davis
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Kink in energy dispersion

0 4
a b
ve=dE/dk ® LSC0003 3 T
O LSC00.05 2
w LSC00063 N N
© LSC0007 ? 2 : § 3
+ LSC00075 2 on-Ghe-2.1 .. o
— * LSC00.10 " é ;%%&g
> B LSC00.12 b
[ # LSC00.15 1
~ o Lscooz @ Empirical
I.ul.l. -0.1F * LSC0030 O Fitted
Nd-LSC00.10 0 +
1 Nd-LSC00.12 c
w Nd-LSC00.15 sk
* Bi2212_UDT3K|
_ O Bi2212_0p91K
vye=dE/dk © Bi2212_0D70K § 5 1
* Bi2201_UD10K L o N
3 o Bi2201_0p33K w I
% o Bi2201_0DBK ~ ar Gar| O
2 * Na.CCOC0.10 o
02k B Na-CCOCO.12 3L EI’
X < TI2201_0D50K o a
1 1 1 1 1 2 1 1 1
010  0.08  0.06 0.04  0.02 0 0 01 0z 03
A1 .
- Dopin
k-ke (A" ping

Zhou-Shen

Phonons or Magnetic excitations (Takahashi)

Electron-phonon coupling : e.g B1g => Tc variations? (Nagaosa-Uchida)

'

|
|
|
|
! LT L b P
e bk ‘Aﬁ t %»}i NN A = TS TR
I N [
I
|
L I
T - & J;
: | I
oo T R
; B i HB
L % y L i :
. L R
| ! L1 r I
|
IR IR 1 LSCO phonons
I O b . R
,,f.mnﬁ %5‘ P,”" j o, [ 1 T!T ,w_»LJL:Ltw
- : - ! HB ---- Half breathing
mon | e e B - Breathing
i
N
I Fj;; ';{a
o
v o > o o PR
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R 1 et [ea] -
i ‘?;Tré.‘f Te00 U1 TAT3| P00TE

£pny Pod by e
é?j? ¢?f¢? éi’&? ¢i‘<¥? éi*c‘a‘? 22%09

—ﬂ@@@@@
G, ot

%! EES €550t
001 <oty POy ool jetpn YBCO phonons
ééel(# <L¢=l$~$¢.$¢ $¢e}¢ (Léé%ﬁ»

i??ﬂ#? T3u3} Soale-TaaTh 9.8 Beli-

rilicidicilic il cilice
¢i"$¢ ¢‘i"$? #?‘#‘#?'&? o‘?'$‘? W

3 em so0em’!

Apparent Arc

* Not a pocket.
* Strong damping due to gauge fluctuations
for T>Tc
=> apparent finite spectra on finite arc.
but, once T < Tc reduction of damping
leading back to pure d-wave gap, A 4(k)
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summary

1) Important experimental messages
from NMR & Nernst
- 8G, T.<Tonset<T"
2) Identification of electronic states
3) The t-J model and its phase diagram

Only hole-doped systems focused.
Cf. In electron-doped systems, neither SG nor Nernst regime

<= Weaker J
( Only Cu d-states(d®-d1%) : Hubbard model justified)

Targets
3 .1 Explorations of preformed pairs
- 5 in the context of Mott physics
- In the presence of disorder

AFMMsSC

Temperature (K )
g &

How does SG merge to SC & AF ?
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7. Bih oA -EREBEE — t-J Model

FOURFERAER
/NEIES

IR REIZOWNWT, TN E Y MEREIZF Y U TR =B 7SN TEBT L &0
I RIFICHSE | BURTOHEGRMREMO E &b L A BROMBESIZ OV TR, K
LELNLEFREBICHETIMAEAND, F—E 7 SNDRTORIEILT v MR (IERE
IIXBEBEAERA) ThY, F—Er /7 anh— VI EICHE LICHFEET L LN
H oMM TS, ZOMRPBLTIE, Zhang & Rice IZE > TRENTZL DT, t— JEFT IV
DElREEEZ R T 5 EMRHE R LR D, t— JET NV TORFENT A —FTFERINDG
JFWRESNTND, ZOEFETMIHT D S F S ERBEFEORFIL, @R8Ik}
JET D /3T A —Z T d AR EED T=0 TLIE| ’ﬁ“a‘é ZEERLTVD, &5
BRI L TH, Ey MEREIZ F—E 7 SN GA ICHMN R B 2R3 2 L0
FroTETWD, —Fh, AIRIEE T, xt/(xt//)k%ﬁ(Tn/)# THES
% EWV D JFIZ X % Slave Boson TS0 7 — VOGN, BEX v v TIREA - AT
xHLEEZLND, FEFKZ, underdope MDFEIL T, RVB {EELLT T RVB IRHE & FHEIN D A
By 7y FORENEBLL, S HITREZ NPT Te DIRELLTFICRD &, Arun
R— ARG L, ZOFRREAY ) v Edhu U BHEOHES L CRE OBEIREICHESE T 5
:&ﬁféﬂéozibfﬁ%M6%@%ﬁmﬂi ElR AR DY Yy v 7%
FELHATEDL LEEZ LN TND, SHIZ ClX., underdope FEIK TOFE LW FEERD D
ﬁ%m&ﬁﬁ%&f&ﬁm%#§9@%&m%%ﬁo k#%ﬂof%f%éooi@\
Hg DZERD X D IZEN DD 720 FRTIEME 1TIFE L, —J5 LSCO 72 £ D K 5 IZELAA
&%k%w+fixt/772®i9ﬁﬁﬁ#%ﬁbfwé IRz t— JE7 0k
JEARRBIZ UV T RORBEME R BRRBERR T & d BB PRER TFREN TN D, EHIT
%ﬁ@k%&zw/zﬁ%%®%ﬁﬁamemc&@iﬂéwﬂ&%%#%%ﬁ%?ét

DIZIE, BANEBE L7 F—7 S 72F > MERIKICET 2 72 2 BRI JEA L Th
V. FEFICHIR DR =T D,
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B oA-BiRiBnE -t-J Model

Masao Ogata (Univ. of Tokyo)

® Hubbard vs Mott transition (Brinkman-Rice transition)

t-t-UHubbard model at half-filling
First order phase transition: doublon-holon bound state (RVB-Insulator)

Weak coupling U<W  BCS-like
Strong coupling U>W t-J like = doped Mott insulator

® ¢-J model
T=0 ground state: Coexistence of AF and SC
Effects of £ ”: hole doped vs electron doped
(t'<0) (t>0)
finite temperature: slave boson mean-field theory

o RITIHHEER (/—h)

o,
_ +A
T+ —

Cu (0] Cu (0] Cu (0]

d-p model

Hap = —tap Z (r[jg-pj,, -+ h.('.) = Iy Z (pjap_,-rg - h.(-.)

i X (Pjapj“o it h'C-) +AY oo (hole operators)
(4.g"e jc
+Ua Y nainagi +Up > npjinps + V'Y naing;,

N

Y

C®

tap = 1.3 eV (1.5 eV)
t, =0.65eV (0.6 eV)

o P ocab e
A =36eV (3.5 eV) =% S

1 — 105 oV (9.4 &V 0 ?
Uy =10.5 eV (9.4 V) é ,p/}m
1 g4
Up =4¢€V (4.7 eV) N2 L el
<O C S ©) D)
V =15eV (0.8 eV). e f "o
¥
Hybertsen et al PRB 39, 9028 (1989), McMahan (1990) © ®
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Zhang-Rice singlet

Cu-O super-exchange is strong O

J
1 Homework #2 Cp
®

2
ST"’?(U A_ov T A)Sdisi -
Again, second-order perturbation i O \ e
J=72eV
7, ; 7
Cig = §(P(,‘1‘.]_- o + p{,.ll] 2o + Pii)_lu'w + P(,i)_ 40}
Doped holes on Oxygen sites form a Zhang-Rice singlet.
Zhang and Rice, PRB 37, 3759 (1988)
Why t - J Model ? Hole doping on Oxygen poc
Zhang-Rice singlet
c ., 0
~ (p { \ 3.'1" \s-m
O o Oo .
e O / \cu - / \Cu
@ fo}
E® = —5.05eV
Ef(g) = 1.12 eV Stability of Zhang-Rice singlet
E(a —1.03 eV (from d-p model)

E,‘“ 0.75 eV.
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We obtain t-J model by regarding Zhang-Rice singlet as a Hole

toNo X PN N

Q ,0 0
sl pN=2 ., & N™
O 0O O .

~0/ 0\ = / Ne

1b)

¢®g 1 S

O O

- r Hopping of Zhang-Rice singlet

Why Hubbard model is not appropriate ?

t = 0.4eV, J=0.13eV, (J/t =0.3),
—t'/t=0.1-0.3.

= Hubbard U corresponds U=4.9eV =12t >> W

2ELHHREZEIDRKIFEAEFTDMREE

s

()
@ O (J 1% virtual state (X7 T 5)
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Hubbard model Phase diagram _at half filling (5=0)
t-t’-U Hubbard model

10 T T T T
a=10 V- T=0 Variational Theory
i P-I+_| Use = PoPa|BCS(A))
6L n
T AFT ISC oy doublon-holon bound states
S Ld-wavﬂ\ = RVB insulator
4 ]
(weak SC)
NEY | free doublons and holons
| =d-wave SC
P-M
01 02 03 04 05 A is finite !
t'/t

Yokoyama, Ogata, Tanaka, J. Phys. Soc. Japan 75, 114706 (2006)

Mott transition at =0 ol | ‘ ‘
l t"/t=0 -0.25 -04 L
‘ ‘ . hm b A :i
. ,lo\-A 3 0.1+ S\ = 144
P . =y
Jtf— | doublon density = i metal nsulator
S [ A Sk ™| order parameter of Mott | = %051 N S 1
| o | | transition e 1
e 1 | (similar to gas-liquid transition
N ( gas-liq ) 0g s L | + >
00T 02 03 04 05 U/t
v/t
Ue

free doublon & holon €«—» pound state

0¢Q......,.
000000000

conductive insulating

Mott transition as a first-order (a liquid-gas phase transition) ‘
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d-wave to RVB insulator half filling (5=0)

® d-wave pair correlation function

d-wave is enhanced at

P‘d(" e \'ZZ{ 1T+T A1 ) Tn(’]",“{"?'))/ U/['<65

'/t~ —0.25
0.03 T T T T
1760 -0.25 0.4 L ‘( P
. _A . Pd ———o——0— () d
_ +++12 f
4 10\ ol ] 0.02} #——"8——=—14 §
T AR |SE o

3 (e

4 . ] 0.01

p-

) L L L
0 -0.1 -02 -0.3 -04 -05 O

3 4 5 6 7
U/t I -
U Wave function has
c
d-wave order parameter,
but P, vanishes.

doublon-holon exist, but
form virtual states to induce J “RVB insulator’

RVB insulator (Anderson 1987)
Po|®sc) = Po [T [ur + 'UkCLTCT_kl] 10) Projected BCS state
k

- = RVB insulator
= PG(H“IC) H{] *+: ?Cllrc}ctkl} |0>
= Pyl Huk Hexp( CkTC—kl>|0
P H’Uk exp(z akcmc_kl)w
k k
_ PG(Huk) CXp(Z aigche! l) 0),
_ ik-(riry)
Mg = 77 2 Ok® "
J N ;

UV Ap
un (0 0 5 5"
U o) — (el — 1) + ARl

w|z

ap =

— 170 —




JAEA-Review 2008-011

ll. Doped Case less-than-half filling

t-t’-U Hubbard model
10—————

n=10 ":.
A ol A\ R;_Bllnsulator

L AR [|SC ol

(g=wavey

= | d-wave SC
41 ]
/ (weak SC)
X L=10
2 e +L=12
P-M

| L L
-0.1 -¢.2 -03 -04 -05
t'/t

Crossover, but features are very different.
Doped Case

® Large U (U> Ug,)

bound state + free holons
d-wave pair correlation functio

0.03} |
5002,
| g & “‘Doped Mott insulator’
0.01 ! o e, .
s 414 ’ S doublon-holon bound state
e il ‘ ‘ = n.n. doublon-holon

crossover —— | t-J region

® Small U (U< U,

)
co
weak-coupling region, consistent with QMIC

0/ I L 2 = = virtual process inducing J-term
U/t
u
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Pq

What is wrong for weak coupling Hubbard model 2~ Moriva.

Yamada
t = 0.4eV, J =0.13eV, (I/T =0.3),
—t'/t=0.1-10.3.
== Hubbard U corresponds , U=4.9eV =12t >> W
1. HERAMEEL,
Zhang-Rice singlet
it 0 ” tiubbard ):l,’g% uU-> Ugrosg,
g oty ® 02 Doped Mott insulator’ M #E1E
1 A4 A 2. No evidence of spin-fluctuation
002t [ |, .:’u 04 mechanism
) -
’ -
001} | e e 3. BIGEERFTHICLTHIEEIZFHEL,
| J e Kohn-Luttinger
e, . Imada, QMC --- EB{ZE THLY
0 10 20 30 RPA, FLEX, DCA --- T3
I U/t QMC (Kuroki-Aoki) --- T4
Ucrossover

t-t’- J Model for high-Tc superconductivity

H=— Z PG (fij(";raf'jg + h{f.)PG +.J Z S; . Sj ...... ] o
(i.d)o (i.d) -

® |mportance of next-nearest hopping, t” term

| t"< 0 for hole-doped cuprates |

[t"| --- larger in BSCCO
smaller in LSCO N o )

Tanamoto et al, Tohyama-Maekawa

determining Tc apical oxygens affect
Pavarini et al (PRL 2003) Matsukawa-Fukuyama (1989, 1990)
Tanaka et al (Fujimori) (PRB 2004)

t’ is negative mainly due to the direct O-O hopping integrals.

Mixing with Cu d3,,_» orbitals and O pz orbitals of apical oxygen

gives “positive” contribution to ¢

In YBCO and BCSSO, the mixing with apical O is smaller than in LCSO.
=P |t’] is larger in YBCO and BSCCO == higher Tc'!
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t-t’- J Model for high-Tc superconductivity
N\
T

300

2. Finite temperature slave-boson
mean-field theory

1
-

200

100 b 5

spin glasg)
spin g

1. T=0 variational theory

o ¥

Ogata-Fukuyama, Rep. Prog. Phys. to appear

Ground state 5> 0

T RVB state (Anderson 1987) . )

300 Eog Singlet pairs

NJ\ OO ...
h QIO

KW Rl
T WBO@DG

AF state Resonating Valence Bond

@=%H-H

— 173 —




JAEA-Review 2008-011

Spin liquid state ---

resonating valence bond (RVB) state

T

——
ﬁe—

T
5 e () o «—
(]

s e <
(1)

: — «— () -
e e

>
—e
3

>

— > e

RVB state

Singlet pairs

.%.
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RVB states in t-J model

J —term mean-field theory
i g, [,
4 1 1 .i. _.L J
— <("'E!T(‘;TH.>CT'1(:JT + <(‘I-_L(SJT>(‘,:._[(‘,J.‘— ((:_}!T(tjr.iﬂc,‘l(?ﬂ)

Superconductivity Order Parameter
Nearest-neighbor

A = (cﬂ.cﬂ)

dx2-y2 state in Square symmetry
. A ij =<CiaCji> (real space)
Yy
+ o .. ........ e+ A=A (cos e - COS ky) (k space)
¢ Why d-wave is stabilized? Homework #4

Po|®sc) = P IT [k + vrck, ey | 0

k
~(0) ~(0)
1 .’ —ifk 1 gy’ —i
i — el = | 1 ) e = il —
Uk Jz( R, ) Uk $2( [ )
Ep = /(e — ) + | A2
A =Ngeleosl; —cark,).
E‘(I‘?) = —2t(cos k,+cos ky)—4t, _cosk, cos k, —2t.. (cos 2k, +cos 2k,)

Treatment of Pg is difficult analytically.
——> Variational Monte Carlo calculations
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Yokoyama-Ogata JPSJ (1996)
RVB variational Monte Carlo Himeda-Ogata PRB (1999) AF+SC

PG | \IJSC (Avara ,u)> Projected BCS state = RVB

. A cf. BCS --- big overlaps of
P | Uscoar (Avars Aaw, 1)) Cooper pairs

cf. RVB --- overlaps are
excluded.
(strong correlation)

Py(bl_o)"*|0).

Bose condensate of holons are implicitly included.
(ground state in 2 dim)

Obtained Phase diagram

0lll||l|ll|||ll|llll

AF+d-wave

i Coexistence of AF and
. d-wave SC: 6< 0.1

phase §
separation

ferro-
magnetism|,

65— 0 RVB insulator

O 0.5k 7 consistent with Hubbard

1.0 o 1 3 21 SWaYe N, . o

0 1 2 3 4

J/t

Yokoyama-Ogata JPSJ (1996)
Himeda-Ogata PRB (1999) AF+SC
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Experimental phase diagram

Nd,,Ce,Cu0; Lay, Sr,Cu0,

electron-dopi
i hole-doping

HTT Phase

‘Temperature (K)
g
My (1y)

200}

03

Ce doping x Sr doping x

Temperature (K )

=>

In clean systems, AF and SC coexist !

)
H. Mukuda et al, PRL 96, 087001 (2006) Kt
AR X
ST
RS WS & S Y
(a) (°)
op| SC+AFM sc sc
) ~ 0.
[ 1P | AFM AFM AFM <. @
2 | AFm®,
= AFM AFM AFM = 0.0 —— .
300 b)

[ 1P | AFM AFM AFM m_ AFMI (

. 250F
op| E>75C+AFM sc sc o

® 2000 AFMM 5

§ 150 AFMMsSC
0P| SC+AFM SC sC E
IE (23 AFM AFM AFM
[ 1P AFM AFM AFM
[ 1P | AFM AFM AFM ST 4 @f}\a

sC sC s“sﬁ“:@s"s ¢9§@#\°°-"9
op I% SC+AFM Rt O N
WS SR
oHg © Ba eCu Hg-1245(UD)  Hg-1245(0PT) TI-1245(0VD)
°Ca 00 (Te=72K) (Te=108K) (Te=100K)
(Tn=200K) (TH=60K) (Tn=45K)

H. Mukuda et al, PRL 96, 087001 (2006)
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RVB order parameter in variational wave functions

0.8
0.6 —
= Yokoyama-Ogata JPSJ (1996)
5 04 -
=1
0.2
o [ S N S S T’;,.;,i.
0 0.1 0.2 0.3 0.4
]

This will be related to Pseudo-Gap .

Excitated states will have gap proportional to Avar
] _ T

]\I/ZQ = Po,|Psc) = Pacy,|Psc)

'y;l = UpCl, — VkC_ky»

Expectation values of the amplitude of d-wave superconductivity

a L g,
@ Khycr)| (b)
0.08
T T T
0,06+ 0.04 - ~
0.044 /,,_\‘\ 0.02 |- .
s N [FODLRO
/ \ parameter
0021 4 L) P AT O
1/ ? 0.1 02 03,04
1/ i ¢ ’ RVB Mot insulator X Fermi
O o005 of 05 o2 o L e
3

(Yokoyama-Shiba, JPSJ 1988)  (Paramekanti-Randeria-Trivedi PRL 2001)

Determines Tc

Aexp = <(le CL) = 9A<C¢$1-"-";L>0s gan =26/(1+ 5)2-

| Gutzwiller Approximation |
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Expectation value of SC order parameter
(0) = (¥|0) _ (ol PcOPelto)

(WY (ol PaPaltbo) ¢t
S (eicj) = Bexp
oiid - Aexp is different from A, o,
o " Aexp will be related to Tc .
- & ODLRO | Avar will be related to Pseudo Gap .
[/ parameter @ 1
0 s P e 1 w Y i O'BE"""""""""‘
? 0.1 02 03 §Ofl r J/t=03
RVB Mott insulator X, Fermi 06e
$—d-wave SC—»{ liquid - ¥
T 04
S [
Yokoyama-Shiba, Paramekanti et al. 0.2
0 L I L I
0 .
5
1 1 1 I ] mcv I ] 1 I 1
L (b)
L. @ -
. Gap
‘.
40— ol
[ ]
i &
*
20— -
L Te -
D n L L I
] 0.2 0 0.2
Doping x Doping x

Yokoyama-Shiba (1988)
Zhang-Gros-Rice —Shiba (1988).

P. W. Anderson et al, J. Phys. Condens. Matter 16, R755 (2004)
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. . t’<0
AF and SC coexist in t - t“J model .
hole doping
1 0.01
t'/t=-03 m, P L 1
08 71-03 < ¢ 10 10.008
A A 12
t’=0 < 0.61 AF 0.006
1 0.01 1 g
e 00 e 0.4- d-wave SC Jooos 3
B ms g
0.8F ;i P 40.008 1
Jh=03 N 02- 0.002
0.6/ -0.006 ;u ‘ ‘ 1
S E 0 0.1 0.2 03 °
0.4F 40.004 S
0.21 40.002 1 0.01
t'/t=02 mg P L
5 L 0\1 L 0\2 L 0\3 0 0.8+ R Jit=03 . . }g -0.008
o . 0.6 AF 10.006
g 2
Doping dependence of 0.41 10004 ©
superconductivity and AF 02k 02
: d-wave S
Diffekrent b?havﬁrti)r; th;: o % — 1T 02z 03 0
weak-coupling Rubbard mode 5 electron doplng
t=0 ——
Comparison with Hubbard model case _omf g —
g t=02 ——
t’<0 £
1 0.01 £ ol
t'/t=-03 my PMCL 5
08- 14—03 o ¢ 10 H0.008
A A 12 4
g 0.6r AF -0.006 ;\; oo 01 02 03 04
1 )
0.4- d-wave SC Jooos &
0.2 +0.002 Consistent with the difference
e N Iy between BSCCO (larger t )
o 03 and LSCO (smaller ¢ )

cf. Opposite in Hubbard model (FLEX) case:
t ' destroys AF correlation
==> suppress AF fluctuation
—=> suppress SC instability

|When t’I,AFl and SCI (strong coupling) or SCl (weak coupling)
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t-t’- J Model for high-Tc superconductivity

N
T
300 T“‘CI

2. Finite temperature slave-boson
" mean-field theory
200
100
1. T=0 variational theory

Ogata-Fukuyama, Rep. Prog. Phys. to appear

4. Finite temperature

T
300 Slave-boson mean-field approximation
’ T\'ccl
spinons ( fi; ) & holons ( b, )
200
T pd E : T g T
A = ficrbi‘ figfi(r +bjbi = |
100 | e
0

Hsp = — Z (fijf;fjgb;bf + h.(f‘.) + IZ S; - 85

(i.g)a (@.4)

— 13 flofie = 3N Flo fi + B0 = 1),
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Phase diagram obtained in slave-boson MF approximation

TRVB = singlet formation of spinons r

T
( dX2_y2 symmetry) Fid E Ty
’ 7’
TB = Bose condensation of holons <~ IRVB e
T< Tg electron liquid (Fermi liquid ?) S e @
Tc = onset of superconductivity T,
both spinon RVB and holon Bose condens
Origin of “attracitve interaction” : J 0 )

8%0,T-> 0, spinon - holon confined => electrons
Whether this electron liquid is Fermi liquid or not, is another issue.

- §| IEE R T
()
SG:TB<T<TRVB a ®
‘l
T ]
Other competing orders??? e *
flux phase, dDW, Stripes, ...... R ]
K Dﬂpingﬂf
RVB slave-boson mean-field theory
T Cio = DL f;
1w — Y Jio
, TD
7’
. 7 fia spinon (fermion)
3 T ’
~ JRVB _~
S« bi holon (boson)
% Sl fio bl = 1
> o
0 d

Corresponding to Avar and Aexp in variational Monte Carlo

P,(bl_y)N*]0).

Bose condensate of holons are implicitly included.
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AF and SC coexist in t -J model t’=0

" t’ dependence
08
Z = ] = 4.0
@ =
“:-'-' 06| — 1t = 00, 1/t =00
@ e 1 =16, 11t = 0.0
@ e T =11, P = VS
Eoe "
E -
2
0.2 E oo
0 R
-
. "nan IL‘B u.‘m 0.5 n[m 0s0
Inaba et al., Physica C (1996)

§

Tanamoto et al (JPSJ)
similar to variational Monte Carlo 7=0

Himeda-Ogata, PRB 60 (1999)

Arbitrarily unit

Tanamoto et al (JPSJ)
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Fluctuations around slave-boson mean-field solutions

Gauge field : Nagaosa-Lee(1990)
U(1): phases of f;, and b,
SU(2): symmetry of spin systems

(half-filling) T p
ioc = fi-o
Shiba, Affleck et al. (1988)
Field theory of

spinons — (gauge field) - holons

BInEAN=X L

t-J F1415 (slave boson, gauge ¥k, Gutzwiller T=0)

AN=ZZXLMN I THDIE,
no evidence for spin-fluctuation mechanism

X' Hubbard model (perturbation, FLEX etc)

ANSATEHR > WELRRH?

SO(G)EH > I/OICIE t-J ETILTEWIEMNFE S (AF-SC interplay)
WE—D4EH: 7 -resonance I&. ftl=HERBATE

Hidden order (d-density wave, Varma version) t8855 0D ZEHLIE ?

&R
pseudo-gap (F{a]H ?
Fermi liquid [I7ETET %M ?
ELVSRERE
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Fermi liquid [Z7ETET 5 ? #%B Pseudo-gap I&fa]m ?
RVB : spinon singlet pair
T 7\ Preformed pair
300 SC fluctuation
‘.T\'ccl Hidden order  p_jensity-wave
Stripe
\ o Current
200/ N Non-Fermi liquid:
v Spin-charge separation
\ *
\ T
100 || messtsmsmm=ls=- No phase transition
AY
s“n/ﬂ?/\/—\‘\n Ferml ||qu|d ﬁi]-a) ﬁ Eﬁ(i%‘gb\ ?
7, : ~, approach
> Phonon
0 0.1 0.2 5 Stripe

D-density-wave

| Mechanism in t-J model |

Nearest-neighbor J
virtual state

T i O @ Local & including high energies

- 7

| Mechanism in spin fluctuation model |

(2 N R 2N R AAVAVAVAY)

WiLE: LIESLTE20MFA

/ 3 HEBLS
A RREIX J~t

EREVLIRILF—FTHES?
Phonon &(3E7%45

®p << SF
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1. Pseudo gap

80

EW' /‘Bﬂll!
REWFruyTE (0.1eV) LR |
INEWFryT?  (30-50meV) o e o |
g 8 \:“\. Ky T,,, (meV)
3 %
14T 12 ;'i\‘\. 1150 &
p DWITEL 5 v =
R ol La2i4®, X 100 £
H » 5 ¥ 2
P RIIZKDX vy “ 20 : L3 © ds ©
ARPES .;."U:;I;;- e t (Bizi
o(l G.G;IS 0.‘1 ﬂ.‘lS 0.‘2 ﬂ.iS 0-‘3 .
P
vs F4EFELELD spin gap Momono et al.: JPSJ 67 (*98).
F—ELTIKFEHENELD,
E3LDERTLNAS?
spin gap in neutron (o) i
Las.,SrCuOy
20 T T T T T T<<T, ; spin gap
|3 R > =34 o
T );0:20 . :‘ _" T>>T;: normal stf
12'T=8K };i'i%j Egap ®
L@ TF L
T 0= :
L ol 01 T-Te |
3 5[ ;/’_T-—“H“'—————i 4
= © - YBCO6.7 Eg= 16 meV (underdope)
= fxos - TT] YBCO7 Eg=26 meV
£ O o] LSCO  §=0.15-0.18 O
* 51 S
0 == Underdope TOELNDZHE ?
10l x=0.20
5F g A - Pseudo gap &IFELB?
% 2 4 6 8 10 12
o (meV) < < =t -
pseudogap &IFELGY, LLAH AFRREMIC
Lee et al.: PRB 67 (03). ENGLELDNETRT ?

Flat band DLIEERBENHD ?
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Pseudo-gap in 1/T4T for LSCO Itoh et al.: PRB 69 (°04).

underdoped x=0.13 (T~34K)  overdoped x=0.18 (T_~36 K)

: 17| & 340MHz
i | A 3545 MH
i V388 MHz
i

9}“&

\ (@)
L [e He201 (T=96K)|

T, O 35.0 MHz,
® 36.3 MHz|

Spin-Echo

aﬁég! 'D 39.0 MHz
: +
q%TL?'EF'* % . J_.+

32

34 36 38
Frequency (MHz)

4
A B :
(a) a patch model (b) ¢

(b)

‘"

b ve -

| [ = Hgl201 (T =% K)|
PR PRI

100 200 300 0 100 200 300
TK) T(K)

Host & impurity-induced @ 2/ % CREHT

host IZ[&F+vvyT T~120K
FHEFTRLNDDIE Zn [2&B ingap state [TEWLED ?

RHEFTE2RD Ronigbm ?

2. Hidden Order ???

Polarized elastic neutron diffraction - Hidden order ???

350

300
%250 Varma or
3 200
g
g magnetic order
g 100 on O
(=4

50

0

Fauque et al.: PRL (2006)
Bourges et al. (recent)
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3. Stripe [FEEMN ?

t’'< 0 TRMSATDREIL

= BEFRODMRGTIL., D (White-Scalapino 010 %

L BREHOZEREN?

THRAF—ERBISEN, FHOEEIBE ol 3" g ]

=> TH—HIETBAAMICANSATHICAF 5
MEERLTOEA>TLIRIELLY?
or ’DELN ? (BIO,ERDREIZESD ?

t’<0 TRMSAITDREL

0.2

T Lmgemyy ]
% ’

| (b)
-1 :

aN ‘o
! ’
AExp /

0.0s} |

0
005t o) \/ ]
0 6 2

Yi

Himeda-Kato-Ogata: PRL 88 (°02)

4. Resonance peak

Tc LIEMBHEFE ? (underdope)

Doping {&K7FTE :
YBCO Tc LIEDHEREE (¥ vy L&)

LSCOIZIFE#ELN?

=5 X 1.
3 008 vBa,Cu,0,, | %
x 075
~a 0,04
=] ™ 0.50
A
wg 002 ‘\g 2 J{ 025
¥ oA TTC e ]
1.00
¥Ba,CuOpy | o
. 050
5 T T 025
5 0

5 006 = 1.00
i $ YBa,Cu,0, 4,
- #1075
~ . 0,04
=4 T 050
~ c
-EE 002 0.25
v ol € o
1
5 g 0e D x =093 YBa,Cu,0,, 112 :%‘
L o)
~EX 0.001 -08 ) P2
i -~ . 6§
el x=06
0 0
-6l E x =092 Loram
3
XX 4
Tt x=0
32
B X = 0.58
0 50 100 150 200 250 300
Temperature (K)

Dai et al.: Science 284 (°99)
PRB 63 (°01)

(11 K)

s !

)
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resonance peak IR

Morr-Pines: PRL 81 (’98)

Spin excitonic collective mode
Dahm et al.: PRB 58 (°98)

W (O
' 1—U yo
Im y = 1m xo
X = (1 —U Re x0)? + (U Im xo)?
Im xo ~ 0 for w<2A [—=> sharp peak
Tanamoto-Kohno-Fukuyama: JPSJ 63 (°94)
In the RVB theory l Yamase-Metzner PRB
y = H\]O Jg = J(cosq, + cosqy)
“q X0 Jg <0 for q=(m )

FEXRCHEREEZS?

5. Specific heat coefficient

Y (ml/g-at. K*)

Loram et al.

BE 43 3
junt Ny
3 E 7 T
0F gif surf ot
i T, x=0.22

z " F m T T
z i 40
£ s 1 E ‘ RiL o 7(T=0)
g ety 5 H o MO i &1
B foiis G x=0.20 ne et of)
£ | ’ . : ollé 5 g O [ o
= 10f f ors : x-0.16 3 ot gt % o
ST {l R Eu o ]

f Y .m0

i " sy x=0.10 ] o

“[1f 1 oy ‘ =5t 0 A
s T L) . .
T, g & La, srceo, | Matsuzaki et al.
. ‘ ; . o . . :
9 a0 80 120 160 3 0l 0.2 03
X

T(K)
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QP density at E.
compared with specifit heat y

—_—
141 Lay,SrCu0, 6
Fermi velocity along 12r -5
Fermi surface g 101 . O
35F T T T 4 NE 2
La,,,Sr,Cu0, x B —g~from ARPES |, @
30F T | E 5 i/[lj/ —3 g
= @
W b1 .1
P - \9 1.1 %04 ) e?trlcted |
O arc
S e
— 15F = 0 L I L I . H0
> i 0 0.10 020 030

7 X

v: N. Momono et al., Physica C ‘94

T. Yoshida et al., Physica B '04,
J. Phys. Cond. Mat., ‘07

Spin fluctuation mechanism ... Y is enhanced near AF

6. Isotope effects

Change of J, t, t ' through phonons
Experimental information ?

J ? neutron

t” ? ARPES

— 190 —




JAEA-Review 2008-011

7. Nodal Liquid at T—0

1.08 = T=40K 4(0)=43meV]
= T=140K (0)=52maV|

" \ k-dependence as a function of T
Kanigel ef al, Nature Phys. (2006)

8. Two Gaps ?

>

point
0

E - Eg(meV)
STTINY

0

) 0.5
lcosk,-cosk, 1’2

Photoelectron Intensity (arb. units)

Pha" Tanaka et al., Science (2006)

A " L .
-0.20 -0.10 0
E - Ex(eV)
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g T T T T T4

60| .

<CZTTC}1>_ = Aexp

Aexp is different from Avar

I I N N B |
0 0.050.100.150.200.25
X

9. Superconductivity fluctuation

T T T

10 LIS . +
Tl %‘?i”f; signal complex microwave

e (Ongsgrow®) 4 spectroscopy

.

S ok _‘ J " 3 H. Kitano, et al,

[ o 40 4 PRB 73, 092504 (2006)
N t 001 ° A ’
ems L ® L ‘ cond-mat:0710.4184

L
0.10 0.

.05 .16
X

0. 0.20

o e Bneue: T* will be TRVB (spin degrees of freedom)
" ‘ Tonset Will be related to coherence of

charge degrees of freedom (holon)
Tc will be Bose condensation of
charge degrees of freedom

Y. Wang et al, PRB 73, 024510 (2006)

00.05 0.10 0.15 0.20 0.25 0.30
Sr content x

— 192 —




JAEA-Review 2008-011

10. Effects of magnetic field AF vortex ?

BIREEERLL?

0

e
IN_AF+d-wave _

ferro-
magnetism|

T=0 AF metal ? NN

11. Impurities Zn, Ni

12. multi-layer neutron

i~
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