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Outline

»VUV Laser-Based ARPES:;

» Laser ARPES on High-Tc Cuprate Superconductors:

a. Nodal Gap and insulator-superconductor
transition in La-Bi12201;

b. Evolution of nodal-kink and antinodal kink
In Bi2212;

(c. Extraction of Eliashberg Functions in Bi2212.)

»Summary.



Outline

»VUV Laser-Based ARPES:;




Angle-Resolved Photoemission Spectroscopy (ARPES)

Photoemitted electrons in Vacuum
Electron along different angles
Detector Eyin: K|

Light

Source
Energy Conservation: Eg= hv -E,; —®
Momentum Conservation: K, =k+ G,

l

Electronic States in Solid:

Y(E, k, s)

E-Energy;
k-Momentum;
s-Spin.

Sample




VUV Laser for Photoemission Spectroscopy

@ Synchrotron Radiation ‘

Electron

®Gas Discharge Lamp , Energy Analyzer

He |, hv=21.2 eV
He Il, hv=40.8 eV hv

®\/UV Laser
hv=6.994 eV

VUV---
VacuumUItra-Violet

hv>6.5 eV Sample




VUV Laser ARPES System at IOP

Measurement &
Chamber |

(Started development in early 2004, commissioned by the end of 2006)
Guodong Liu, X. J. Zhou et al., Rev. Sci. Instrum. 79 (2008) 023105.



Be,BO,F, (KBBF): New Non-Linear Optical Crystal
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China's crystal cache

A Chinese laboratory is the only source of a valuable crystal.
David Cyranoski investigates why it won't share its supplies.

ne of Daniel Dessau’s prized posses-
sions is a small crystal of potassium
ium fluoroborate (KBBF)
Dessau, a solid-state physicist at the
University of Colorado at Boulder, uses the
crystal to convert the light ofa US$100,000 laser
into a deep ultraviolet, a good wavelength for
studying the surface of superconductors. But
because the laser light gradually degrades the
crystal, Dessau has to save it for special projects.
“Tris a beautiful crystal;” he says. “Tt would really
move the field forward — if people could get it”
But Dessau can't get any more of it. Nor can
Peter Johnson, a condensed-matter physi-
cist at Brookhaven National Laboratory in
Upton, New York, who was once promised it
by Chuangtian Chen, the Chinese physicist
who runs the only laboratory that knows how
to make the crystals. And nor can any of a host
of other solid-state physicists outside China.
“There has been a limited release,” says John-
son. “Tdon't know the politics behind it
In fact, the politics is simple. The Chinese
government is squeezing the crystal for every
bit of academic and, eventually, commercial
potential it can yield. In October 2008, the
finance ministry sidestepped traditional sci-
entific funding channels and started throwing
180 million renminbi (US$26 million) at a
three-year national project to find better ways
to produce and use KBBE China has selected a

handful of groups to work with Chen’s crystal,
including teams studying the newest type of
superconductor, called pnictides

Chinas menopoly of this crystal is no fluke.
At a time when materials scientists and solid-
state physicists elsewhere are seeing a lack of
investment, their counterparts in China are
surging ahead in a wide range of materials
research for much the same
reasons as they did with KBBE.
The nation has accumulated a

“Youneeda lot of
great depth of crystal-growing [ [y EHl &L AT

circumstances, light passing through water,
glass or any other material will perturb the
atoms only slightly, so that they vibrate in sync
with the light wave. As a result, light can be
reflected, refracted, scattered and absorbed ad
infinitum without its frequency beingaffected.
Nonlinear effects are evident only when the
light is so intense that the vibrations it causes
compete with the binding
forces on the atoms. When
highly perturbed, as in the case
of high-intensity lasers, the

know-how over the past three PR R rNTEes ) owly." atoms can absorb the energy of

decad, has steadfast gov-
ernment support; and its sci-
entists are willing to subsume
themselves large team effort and take on
the often thankless, sometimes dangerous and
always tedious trial-and-error task of synthe-
sizing new materials. “Many great discoveries
in this field come from putting things together
and getting the temperature and timing just
right” says Christos Panagopoulos, a materi-
als researcher at Nanyang Technological Uni-
versity in Singapore. The discovery process
“doesn't require genius”, he says.

KBBFs ability to shorten the wavelength, and
thereby boost the frequency, of laser light is an
example of ‘nonlinear’ optics, a field that first
blossomed in the 1960s as lasers became more
widespread in laboratories. Under ordinary

© 2009 Macmillan Publishers Limited. All rights reserved

the incoming light and re-emit

— Chuangtian Chen the light with a frequency that

is double, triple or even some
higher multiple of the original. A variety of
materials have been discovered that can boost
laser light to frequencies that the lasers alone
cannot produce, and each hasa set of signature
frequencies that it can achieve.

China might easily have fallen behind in
this field, as it did in so many others. Just as
nonlinear optics started coming into its own,
China was caught up in the Cultural Revolu-
tion, a particularly dark period starting in the
mid- 1960s when many academics were criti-
cized as being elitist or impractical and sent to
do farm work for ‘re-education’

But Chen, now a spritely 71-year-old at the
Technical Institute of Physics and Chemistry

953
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Advantages and Disadvantages of VUV Laser ARPES

Light Source VUV Laser Synchrotron
Energy Resolution (meV) 0.36 5~15
Momentum Resolution 0.0036 0.0091
(AY) (6.994eV) (21.1eV)
Photon Flux(Photons/s) 1014~1015 1012-1013
Electron Escape Depth (A) 30~100 5~10
Photon Energy Tunability Limited Tunable
k-Space Coverage Small Large

Laser and Synchrotron are complementary.



VUV Laser Photoemission Lab at IOP

Spin-Resolved 2-D Momentum Tunable Laser
ARPES system ARPES system ARPES system

- (5.90~7.00 eV)




VUV Laser Spin-Resolved ARPES

I ARPES (E, K) > Spin-Resolved ARPES (E, k.5)

i > Energy Resolution: From 50~100meV for Synchrotron
to 2.5 meV for VUV-laser

» Photon flux: Increase by 100~1000 times.
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iIn a topological msulator

Orbital-selective spin texture and its manipulation
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VUV Laser 2D Momentum ARPES: From 1D to 2D Angular Detection

Hemi-Spherical Analyzer Time-of-Flight Analyzer
»>Energy Res.: »Energy Res.:
better than 1meV ~0.15meV
»Angular Res: »Angular Res.:
0.1~0.4 Degree 0.08 Degree
»>Angle Range: »Angle Range:
1D: +-15 Deg. 2D:+-15Deg.
| c—— >
Angle Anglg
Detection: Detection
1D Line 2D Plane

Efficiency of Angle Detection Improved by 250 times



Outline

» Laser ARPES on High-Tc Cuprate Superconductors:

a. Nodal Gap and insulator-superconductor
transition in La-Bi12201;
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Disappearance of nodal gap across the
insulator-superconductor transition
iIn @ copper-oxide superconductor

Yingying Peng', Jiangiao Meng', Daixiang Mou', Junfeng He!, Lin Zhao', Yue Wu', Guodong Liu', Xiaoli Dong',
Shaolong He', Jun Zhang!, Xiaoyang Wang?, Qinjun Peng?, Zhimin Wang?, Shenjin Zhang?, Feng Yang?,
Chuangtian Chen?, Zuyan Xu?, TK. Lee3 & X.J. Zhou!

Discussions with
Maurice Rice, Fuchung Zhang, Dunghai Lee, Chandra Varma,

Tao Xiang, Zhengyu Weng.......



Electronic Phase Diagram of Cuprates
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Bi,(Sr,La),CuQ, (La-Bi12201) System
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H. Eisaki et al.,

Phys. Rev. B 69, 064512 (2004). S. Kawasaki et a|'_x

Phys. Rev. Lett. 105, 137002 (2010).
» Single CuO, layer in a unit cell;

» Wide range of doping levels;
» Relatively Low Tc, beneficial for normal state study.



Bi,(Sr,La),CuQ, (La-Bi12201) System

hole concentration (p)
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Y. Y. Peng, X. J. Zhou et al., S. Kawasaki et gll-.,x
Nature Communications 4 (2013)2459. Phys. Rev. Lett. 105, 137002 (2010).

The doping covers a wide range, in particular, the insulator-metal-
superconductor transition region.



Transport Properties of Heavily-Underdoped La-Bi2201
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Doping Evolution of “Fermi Surface”
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Doping Evolution of Nodal Band and the Nodal Gap
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» Spectral weight transfers from high energy to Fermi level,
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Temperature Evolution of the Nodal Gap
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Nodal EDC Lineshape — Coherence Peak + Hump

EDC Intensity (Arb. Units)




Momentum Dependence of the Energy Gap
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Nodal Gap in Bi2212
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Nodal Gap in LSCO

LSCO (x = 0.08, Tc = 20 K)
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Consistency between ARPES and Transport in La-Bi2201

300+

o
)
T

Temperature (K)

100+

O T,

o Nodal Hum
: Nodal gap
A

Gap (@ angle
Gap % angle20

PG

i HEH—
o o

)

0.05 0.10 0.15

Hole doping

angle45 =

122

300

250

200

150

100

80

60

40

20

0.20

Nodal hump position (meV)

Nodal gap size (meV)

[}ah (mC cm)

2.0

1.0

0.5 =

-
3 N
Hap'
s

|'|

0

a0

100 150 200
Temperature (K)

Y. Y. Peng, X. J. Zhou et al., Nature Communications 4 (2013)2459.

250 300



Main Experimental Observations
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» EDC lineshape—peak-dip-hump;

» d-wave-like gap form;

» Near p~0.10, (1). The 3D antiferromagnetic order disappears;
(2). Superconductivity starts to emerge;
(3). Nodal gap gets to zero.




Origin of the Nodal Gap?-Open Question

> Pure electron correlation?

» Small polaron formation?
» Disorder effect? T.M.Rice, F.C. Zhang et al.

» Topological superconductor?
Y. M. Liu, T. Xiang, D. H. Lee, Nature Phys. 10 (2014) 634.

» Strong electron-phonon coupling +
antiferromagnetism?

1. At a critical doping of p~0.10, there is an
Insulator-superconductor transition in Bi2201;

2. A close connection between the nodal gap,
antiferromagnetism and superconductivity.




Outline

» Laser ARPES on High-Tc Cuprate Superconductors:

b. Evolution of nodal-kink and antinodal kink
In Bi2212;
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PRL 111, 107005 (2013) PHYSICAL REVIEW LETTERS 6 SEPTEMBER 2013

Coexistence of Two Sharp-Mode Couplings and their Unusual Momentum Dependence in the
Superconducting State of Bi,Sr,CaCu,0g.5 Revealed by Laser-Based
Angle-Resolved Photoemission

Junfeng He,' Wentao Zhang,' Jin Mo Bok,_2 Daixiang Mou,' Lin Zhao," Yingying Peng,' Shaolong He,' Guodong Liu,'
Xiaoli Dong,' Jun Zhang,' J.S. Wen,” Z.J. Xu,> G.D. Gu,? Xiaoyang Wang,* Qinjun Peng,* Zhimin Wang,*
Shenjin Zhang,! Feng Yang,' Chuangtian Chen,* Zuyan Xu," H.-Y. Choi,” C. M. Varma,” and X. J. Zhou'*

Junfeng HE



Power of ARPES — A Tool for Many-Body Effects

Under the sudden approximation, photoemission measures
single-particle spectral function

1 ImX
7w [hwo—E, —ReXZ]" +[ImZX]

A(k, w) =

Electron self-energy: > = ReY. +11m>.

1

Many-Body Effects: Interaction of electrons with other entities

such as other electrons, impurity, disorder, phonons, magnons and etc.




Manifestation of Many-Body Effects: Band Renormalization

Be(0001) Surface State
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Nodal Kink in Cuprate Superconductors
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Ubiquitous Existence of Nodal “KINK”
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A. Lanzara, X. J. Zhou, Z.-X. Shen et al.,
Nature 412,510 (2001).

P. V. Bogdanov et al., Phys. Rev. Lett. 85, 2581 (2000);
A. Kaminski et al., Phys. Rev. Lett. 86, 1070 (2001);

Kink Is present

0

-0.05

-0.20

X. J. Zhou et al., Nature 423, 398 (2003).

P. Johnson et al., Phys. Rev. Lett. 87, 177007 (2001).
A. Kordyuk et al., Phys. Rev. Lett. 97, 017002 (2006).

(1). In various materials;

(2). Atvarious dopings;
(3). Above Tc and below Tc

)

Electron coupling with Bosons:

Phonons

or
Magnetic Resonance Mode?



Laser ARPES on Nodal Dispersion of Pb-Bi2201

Heavily Overdoped, Tc=5K
»close to Fermi liquid
»\Weak magnetic excitation

Energy Resolution: 1.0 meV

Optimally
Underdoped doped Overdoped

E - EF (eV)

Temperature

0.3 04 0.5 0.6 0.00 0.05 0.10 0.15 0.20 0.25
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Lin Zhao, J. R. Shi, X. J. Zhou et al., Phys. Rev. B 83 (2011)184515



» Dispersion

Nodal “Self-Energy” in Pb-Bi2201 (Tc=5K, Heavily Overdoped)

Effective Self-Energy
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Antinodal Kink in Cuprate Superconductors

~40meV antinodal kink

Intensity
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A. D. Gromko et al., Phys. Rev. B 68, 174520 (2003);

T. K. Kim et al., Phys. Rev. Lett. 91, 167002 (2003);

T. Sato et al., Phys. Rev. Lett. 91, 157003 (2003);

T. Cuk et al., Phys. Rev. Lett. 93, 117003 (2004).




Relation between Nodal Kink and Antinodal Kink?

How does 70meV nodal kink evolve into 40meV antinodal Kink?

(0,m) Antinodal

region (7, m)

I’ >(n,0)
Antinodal

region




Observation of Coexisting Two Energy Scales (HI and LW)

OD82K Bi2212 at 17K (Superconducting state)
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Junfeng He, H. Y. Chol, C. Varma, X. J. Zhou et al.,
Phys. Rev. Lett. 111 (2013) 107005.



Momentum Dependence of the Two Energy Scales
OD82K Bi2212 at 17K
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» The high energy feature HI stays near 78meV and varies little with momentum.

» The low energy feature LW varies obviously with momentum, dropping from
67meV for the nodal cut to 40meV near the antinodal region.



Temperature Dependence of the Two Energy Scales

Effective ReZ (meV)
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Doping Dependence of the Two Energy Scales
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Relation between Nodal and Antinodal Kinks Solved
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» HI (~70meV) and LW (~40meV) energy scale coexist;

» HI(~70meV) scale changes little in energy when moving
from nodal to antinodal regions;

» LW(~40meV) scale changes from 40meV near antinodal
region to 70 meV near nodal region.
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Nature of the Two Energy Scales?

—QOpen Question



Simulation: Electron Coupling with Two Phonon Modes

2"d Derivative Real Part of
Ak.m) of A(K.) EDC 6GEIectron Self-energy
- — | | |
= % d
0 0
T
z T :
0.1 0.1 5 7 40 1
= < | E o f;
O < SN o8
T 2 | ~L30f %@
1 0.2 -0.2 - H Z 9]
- 2 5 o O
= | aﬂé ; 0
2 =k 0
0.3 0.3 -m : ;
0.4 0.4 | I l

0.3 0.4 0.5 0.3 0.4 0.5 04 03 02 -0.1 0

Momentum (1/A) Momentum (1/A) E-Ep(eV)



Comparison between Experiment and Simulation
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Junfeng He, H. Y. Chol, C. Varma, X. J. Zhou et al.,
Phys. Rev. Lett. 111 (2013) 107005.



Electron-Phonon Coupling in a d-Wave Superconductor
In the Isotropic Coupling Picture
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A. W. Sandvik, D. J. Scalapino et al., Phys. Rev. B 69(2004)094523



Unusual Temperature Dependence of Mode Coupling
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No indication of mode energy shift by A above and below Tc.



Electron-Phonon Coupling in a d-Wave Superconductor
In the Forward Scattering Picture
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M. L. Kulic and O. V. Dolgov, Phys. Rev. B 71 (2005) 092505.
S. Johnston et al., Phys. Rev. Lett. 10 (2012) 166404.



Unusual Momentum Dependence of Mode Coupling
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The electron-phonon coupling either in isotropic coupling
picture or forward scattering picture, cannot account for
The observed momentum dependence.
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1.Two clear sharp modes in the superconducting state;

2. Evolution of nodal kink and anti-nodal kink 1s solved:

3. Open issues on the origin of theses two modes remain.



Summary

» Laser-ARPES has become a powerful tool
In studying High-Tc Superconductors:

» Nodal gap identified in heavily
underdoepd region;

> Relation between nodal kink and
antinodal kink solved; origin of the two
modes remains open gquestions;

» (Extraction of Eliashberg functions.)



Thanks
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