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High-resolution ARPES station BL-28A
at Photon Factory

ARPES endstation Sample manipulator with two-axis rotation
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Angle-Resolved Photoemission
Spectroscopy (ARPES)

Superconducting gap

Er e - """"""""""""""""""""" BYbution curves

Momentum distribution curves
(MDC)




Band structure and Fermi surface in
high-T, cuprates

Band dispersion Fermi surface

7T
] . Band structure: £(k) = -2t(cos k,a+cos k,a)
- 4t’cos k,a cos k,a - 2t"(cos2k,a+cos2k a)



d-wave superconducting gap Iin
high-T. cuprates

d-wave superconducting gap d-wave order parameter

Anti-node

(0,#7»t)" ) - (m,0)

h ‘Node
(0, 0)

Order parameter
X2-y2 D(k) = D,(cosk,a - cosk,a)
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BCS theory of d-wave superconductor

Density of states Superconducting gap D,(T)
e
4.3k,T
A Ay(0) = ZB —»
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Electronic specific heat

DOS R

D(k) = Dy(cosk,a - cosk a)
C/T

Superfluid density
= Fermi surface volume/m*
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Outline

* Pseudogap, Fermi arc and superconducting gap

* Coupling of electron to Boson excitations




Pseudogap, Fermi arc and
superconducting gap




Temperature-dependent pseudogap opening

ARPES of underdoped Bi2212
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Temperature-dependent pseudogap opening

STM of underdoped Bi2212
2D,
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Temperature-dependent pseudogap opening

Electronic specific heat
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Pseudogap phenomena in high-T_ cuprates

D* —-=-=---<_
Density of states Superconductihg gap D,(T)
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Pseudogap opening and Fermi “arc” formation
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Distinct superconducting gap and
pseudogap?

Andreeyv reflection
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Two gap energy scales D and D, in
underdoped Bi2212

D*: larger gap near (p,0)

D(k) = Dy(cosk,a - cosk,a)
near node

.uy(s)

Photoelectron Intensity (arb

P
T T Y "¢
point
0
[
0.0 5 10 I\l
lcosk-coskyl/2
2\
- A"‘
e gl\\ﬂ
N ”
- k 't
e — —  poin
] . ] J\- p1l4.
-0.20 -0.10 0
E - E(eV)

100F — ' TA Tc=30K
D* ® Tc=40K
® Tc=50K
W Tc=65K
80 @ Tc=85K
¥ Tc=96K
D=43 kT
-
% 60+ B
E
>
o
o 40
c
Ll
20+
0- L

1 L
0.05 0.10 0.15
Hole concentration

K. Tanaka et al., Science ‘06

1250

1200

150

) °L

100

50



Two gap energy scales D and D, in
underdoped La,_Sr,CuO,

ARPES spectra on Fermi surface
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Two gap energy scales D and D, in
underdoped cuprates

) °L

(0,0)

D(k) = Dy(cosk,a - cosk,a) near node
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Temperature dependence of superconducting
gap/pseudogap in underdoped Bi2212

Ll
. |
o |
15 - N |
|
‘oo
—~ 10 \ 1 Te
3 3 - |
£ 2 ~ |
< ~ (m.x) I
< < N 1
i v
mA
A% B @s
Fermi arc © 0 - -
0 02 04 06 08 1.0 A ! | | | l 1
|cos k, — cos k,, |12 . .
. 4 D Universal Fermi arc length
UD75K C
50 |- - 100 | | | | | T
m10K i ® Bi2212 (Kanigel et al.)
40 mg5k /] DO ® Bi2212 (Lee et al.)
- 80 o Bi2223§Yoshida et al)
> 30 | . ® LSCO (ldeta et al.)
< 20 - %
T o 40]- . -
c o o o
10 = IR 8
: _ CH _
Fermi arc 0{gi=ap :I 2 N
02 04 06 08 10 ® o
|cos k, — cos k, |/2 Ob ' ' ' | | =
W.S. Lee et al.. Nature ‘07 0 005 010 015 020 025 030 5. ldetaetal

x, hole concentration



Superconducting gap D,. vs T,

D,.vs T,
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Dependence of D, and T, .., on the CuO,-layer

number

D*, T*: independent of CuO,-layer #
Property of a single CuQ, layer (U, J, t, ....)
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Dependence of T_ .., on material parameters

Relationship for optimally-doped LSCO, Bi2212, Bi2223
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Possible origin of pseudogap?
(1) Antiferromagnetic fluctuations

Generalized t-J model calc ©.m) i (,7)
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Possible origin of pseudogap?
(2) d-wave pairing fluctuations
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Possible origin of pseudogap?
(3) RVB - Resonating Valence Bonds

Slave-boson mean-field theories
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Possible origin of pseudogap?
(4) Time-reversal symmetry breaking

d-DW

600

ky

400
T (K)

200

11lo o

-k

Circulating current in p-d model

SN
S
ARYARN
NN

T

AFM/

Pseudogapped metal

hY e
s Marginal Crossover
\\Tp Fermi liquid
LN 11
Fermi liquid

._‘s x (doping)
QCP
uperconductivity

S. Chakraverty et al., PRB ‘01

- Fermi arc

C.M. Varma PRB '06
C.M. Varma and L. Zhu, RL ‘07



Possible origin of pseudogap?
(5) k-dependent Mott transition

CDMFT calc
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Possible origin of pseudogap?
(6) CDW, polaron effects

Fermi arc in Na,Ca,_,CuCl,O,

L\ (61%9)
N
7/ N\
A A/
q = 2n/da
r +45°
7000 0° A/
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Short summary 1

« Superconductivity in high-T, cuprates occurs on the
Fermi arc of length L.

T, is determined by the paring strength D, and the
available electron density o« L_: T, « L_D,., which

explains most of peculiar features of the high-T,
cuprates.

» Pseudogap magnitude D* and L_ are independent of
the CuQ, layer number while D, and hence T are
dependent on the CuO, layer number.

e Origin of the pseudogap/Fermi arc???



Coupling of electron to Boson
excitations




Boson-mediated d-wave superconductivity

Cooper pair formation Superconducting gap + boson structure

Anti-node Node

Fermi k
momentum  F F

Wacs =TT (i + Vi, )|0) £ == Je(k) + Ak

1 Ap
2 I,.L.J':}D 'JEEI —I_ '&2.-.'

Ak

Vir Gap equation ~ D(k) = Dy(cosk,a - cosk a)




Scattering of quasi-particle by Boson excitation

Electron-Boson coupling Superconducting gap + boson structure

Anti-node Node

éO Fermi k
momentum

W,: Boson energy



Evidence for electron-phonon coupling from
tunneling spectroscopy
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~70 meV kink in the nodal direction

-100

Previous interpretation New interpretation
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~95(!) meV kink in the trilayer cuprate Bi2223
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Phonon scenario of ARPES kinks

Buckling mode
W, ~ 35 meV

Breathing mode
W~ 70 meV

T. P. Deveraux et al. PRL ‘04

Nodal quasi-particle

Kink at ~W,+D,

Antinodal quasi-particle

W+D, but weak




Kink in ARPES spectra

Y, Nodal region 4, | Anti-nodal region
Boson energies
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Coupling to magnetic resonance at W~ 40 meV

Inelastic neutron scattering spectra cf) Phonon scenario
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Phonon anomalies in conventional BCS
superconductors

Phonon dispersions in NbC by neutron scattering
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Neutron scattering of La,_ Sr,CuO,

frequency (THz)

FWHM (THz)

Corresponding W,~ 70 meV phonon

anomalies in high-T_ cuprates
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X-ray scattering of La,_Sr,CuO,

Cirlu.)
——T—T——7—— 1 09 10 08 08 07 06 05
21 —"" N UndODed La,.CUO 0 | {a) dispersion relation T=10-30K
4 e g . x=0.00
o0 R RN softenlng - Sel o IR A — Jomev)
LY £ i T .
- 5 7o f‘f'—-':?_  softening # Ksmay)
= |28 . 7
" Y 70 V : 60 ‘H’_‘Th’"‘ e T ~———{r1omew)
18- W me ? g j.,__‘_‘ :\p\‘\ B\%\x:}f_{ P
=
4 W 5p F \’\o\ 4. -20mew)
. 0. 15 {neutron) (-25me\)
17-_ Breathing LO phonons 0225 ﬂjﬂmmw
16 - (ip/za,O) x=0. 2?5 x=0.29 O
| ] | I I
5 . | (b} line width [FWHM] /_% %\ 150
7 :-:-.-:._:IZ 0.07
J o x X (30meV) _“L_§_..;/+/ ﬁ» 1 40 %
i ,/ 20 §
O -l 3\ ] M [ ) | y [ § E;DITI:V} s 2225_.__3:—_# \"+ 10 E
meV) [ *% s—c
00 02 04 06 08 1.0 —° . 8
2.9 3 32 33 35
(5.0,0) I H{rlu:l
broademng

T. Fukuda et al., PRB '05



Raman shift {cm)

Corresponding W~ 35 meV phonon
anomalies in high-T_ cuprates

Raman shifts in YBa,Cu,0-_4
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Short summary 2

« Electrons are coupled to Boson excitations, which
yield kinks in ARPES spectra and may provide glue
for Cooper pairing.

» Kinks at W, ~ 70 meV are due to breathing-type
optical phonons.

» Kinks at W, ~ 35-40 meV are dueto bond-buckling
phonons or magnetic resonance.



Outlook

« Understanding the origin of the pseudogap/Fermiarc
and the CuO, Ia\]/Der number dependences of the
pairing strength D, and hence of T ., will provide a
key to elucidate the mechanism of high-T,
superconductivity.

« Understanding the momentum, temperature, doping,
and CuO, layer number dependences of kinks'in
ARPES spectra will also providera key to
understand the mechanism of high-T,
superconductivity. Close collaboratioh between
ARPES, neutron and x-ray studies are
indispensable.



