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Angle-Resolved Photoemission Spectroscopy (ARPES) 
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Electronic States in Solid: 

Ψ(E, k, s) 
E-Energy； 

k-Momentum;   
s-Spin. 

Energy Conservation: EB= hν −Ekin−Φ 
Momentum Conservation:  K||  = k||+ G||  

Photoemitted electrons in Vacuum  
along different angles 
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    hv=6.994 eV 
 

VUV--- 
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hv>6.5 eV     

VUV Laser for Photoemission Spectroscopy 
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VUV Laser ARPES System at IOP 

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



Nature Report, February, 2009 

KBe2BO3F2 (KBBF): New Non-Linear Optical Crystal 
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Light Source VUV Laser Synchrotron 
Energy Resolution (meV) 0.36 5~15 

Momentum Resolution  
(Å-1) 

0.0036 
(6.994eV) 

0.0091 
(21.1eV) 

Photon Flux(Photons/s) 1014~1015 1012-1013 

Electron Escape Depth (Å) 30~100 5~10 

Photon Energy Tunability Limited Tunable 
k-Space Coverage Small Large 

Advantages and Disadvantages of VUV Laser ARPES 

Laser and Synchrotron are complementary. 



VUV Laser Photoemission Lab at IOP  
2-D Momentum 
ARPES system 

Tunable Laser  
ARPES system 
(5.90~7.09 eV) 

Spin-Resolved 
ARPES system 

He 3 (<1K) 
ARPES system 

(under construction) 



 ARPES (E, k)   Spin-Resolved  ARPES (E, k, s) 
 

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

 Photon flux:  Increase by 100~1000 times. 

VUV Laser Spin-Resolved ARPES 
 



Z. J. Xie, S. L. He, X. J. Zhou et al., Nature Communications 5 (2014) 3382. 



VUV Laser 2D Momentum ARPES: From 1D to 2D Angular Detection 

Efficiency of Angle Detection Improved by 250 times 

Hemi-Spherical Analyzer 

Energy Res.： 
   better than 1meV 
Angular  Res： 
   0.1~0.4 Degree 
Angle Range：      
   1D: +-15 Deg. 

Angle  
Detection： 

1D Line 

Time-of-Flight Analyzer 

Energy Res.: 
    ~0.15meV 
Angular Res.: 
    0.08  Degree 
Angle Range: 
    2D:+-15Deg. 

Angle  
Detection 
2D Plane 
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Yingying Peng 

Discussions with  
Maurice Rice,    Fuchung Zhang,  Dunghai Lee, Chandra Varma,  
Tao Xiang,        Zhengyu Weng.......  



T* 

Electronic Phase Diagram of Cuprates  



S. Kawasaki et al.,   
Phys. Rev. Lett. 105, 137002 (2010).  

Bi2(Sr,La)2CuO6 (La-Bi2201) System 

H. Eisaki et al.,  
Phys. Rev. B 69, 064512 (2004). 

 Single CuO2 layer in a unit cell; 
 Wide range of doping levels; 
 Relatively Low Tc, beneficial for normal state study. 



S. Kawasaki et al.,   
Phys. Rev. Lett. 105, 137002 (2010).  

Bi2(Sr,La)2CuO6 (La-Bi2201) System 

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

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



An insulator-superconductor transition at p~0.10: 
 

     p<0.10,  Insulator              p>0.10  superconductor 

Transport Properties of Heavily-Underdoped La-Bi2201 



Doping Evolution of “Fermi Surface” 

Nodal gap  exists for p<0.10   “Fermi surface” is  fully gapped) 

p=0.03 0.055 0.08 0.10 



Doping Evolution of Nodal Band and the Nodal Gap 

Spectral weight transfers from high energy to Fermi level;  
Coherence peak  appears at low doping and gets sharper 
   with increasing doping; 
Nodal gap decreases with increasing doping and closes at     
   p~0.10. 



Temperature Evolution of the Nodal Gap 

 Coherence peak  
    vanishes above 150K. 
 

  Nodal gap persists      
    up to 300K. 
 

 Particle-hole    
    symmetry. 

p=0.055 

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



Nodal EDC Lineshape – Coherence Peak + Hump 

peak 

hump 



E – EF (eV) 

Momentum Dependence of the Energy Gap 
“Fermi surface” fully gapped. 

 Gap     ----- d-wave like 

  Hump ----- d-wave like 

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



Nodal Gap in Bi2212 

I. Vishik, Z. X. Shen et al., 
PNAS 6, 18332(2012). 

X. F. Sun et al., Phys. Rev. B 77 (2008) 094515. 



Nodal Gap in LSCO 

LSCO (x = 0.08, Tc = 20 K) 

E. Razzoli et al., Phys. Rev. Lett. 110 (2013)047004 
. 

Y. Ando et al.,  
Phys. Rev. Lett. 87(2001) 017001. 



Consistency between ARPES and Transport in La-Bi2201 

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



Main Experimental Observations 

 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.  

 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. 

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



Power of ARPES – A Tool for Many-Body Effects  
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Under the sudden approximation,  photoemission measures 
single-particle spectral function 

 
 

ImRe iΣ = +Σ ΣElectron self-energy: 

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 

Hengsberger et al., PRL 83(1999)592. 
S. Lashell et al., PRB 61(2000)2371. 
S. J. Tang et al., Phys. Stat. Solidi. 241(2004)2345. 

Be(0001) Surface State 

Ashcroft-Mermin, Solid State Phyics 



Nodal Kink in Cuprate Superconductors 

P.  V. Bogdanov  et al.,  Phys. Rev. Lett.  85, 2581 (2000). 

P.  Johnson et al., Phys. Rev. Lett. 87, 177007 (2001). 

A. Lanzara et al., Nature (London) 412, 510 (2001). 

A. Kaminski et al., Phys. Rev. Lett. 86, 1070 (2001). 

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

~70meV nodal kink 



Ubiquitous  Existence of Nodal “KINK” 

Kink is present 
(1).  In various materials; 
(2).  At various dopings; 
(3).  Above Tc and below Tc 

A. Lanzara, X. J. Zhou, Z.-X. Shen  et al.,  
Nature  412, 510 (2001). 

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

Electron coupling with Bosons: 
Phonons  

or  
Magnetic Resonance Mode? 

P. V. Bogdanov et al., Phys. Rev. Lett. 85, 2581 (2000);             P. Johnson et al., Phys. Rev. Lett. 87, 177007 (2001). 
A. Kaminski et al., Phys. Rev. Lett. 86, 1070 (2001);                 A. Kordyuk et al., Phys. Rev. Lett. 97, 017002 (2006). 



Laser ARPES on Nodal Dispersion of Pb-Bi2201 

Heavily Overdoped, Tc=5K 
close to Fermi liquid 
Weak magnetic excitation 
 
Energy Resolution: 1.0 meV 

T* 

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) 

73meV 

Lin Zhao, J. R. Shi, X. J. Zhou et al., Phys. Rev. B 83 (2011)184515  

Effective Self-Energy 



Antinodal Kink in Cuprate Superconductors 

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). 

~40meV antinodal kink 



Relation between Nodal Kink and Antinodal Kink? 

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



Observation of Coexisting Two Energy Scales (HI and LW) 

Junfeng He, H. Y. Choi, C. Varma, X. J. Zhou et al., 
Phys. Rev. Lett. 111 (2013) 107005.  

OD82K Bi2212 at 17K (Superconducting  state) 



Momentum Dependence of the Two Energy Scales 
OD82K Bi2212 at 17K 

 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 
OD82K Bi2212 



Doping Dependence of the Two Energy Scales 

Junfeng He, H. Y. Choi, C. Varma, X. J. Zhou et al., 
Phys. Rev. Lett. 111 (2013) 107005.  



Relation between Nodal and Antinodal Kinks Solved 

 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. 



Nature of the Two Energy Scales? 
 

                                                   —Open Question 



Simulation: Electron Coupling with Two Phonon Modes 

A(k.ω) 
2nd Derivative 

of A(k.ω) EDC 
Real Part of 

Electron Self-energy 



Comparison between Experiment and Simulation 

Junfeng He, H. Y. Choi, C. Varma, X. J. Zhou et al., 
Phys. Rev. Lett. 111 (2013) 107005.  



A. W. Sandvik, D. J. Scalapino et al., Phys. Rev. B 69(2004)094523 

Electron-Phonon Coupling in a d-Wave Superconductor 

Gap ∆0 

Mode Ω 

∆0+Ω 

Momentum 

En
er

gy
 

Nodal 

Antinodal 

EF 

in the Isotropic Coupling Picture 



Unusual Temperature Dependence of Mode Coupling  

No indication of mode energy shift by ∆ above and below Tc. 



Electron-Phonon Coupling in a d-Wave Superconductor 
in the Forward Scattering Picture 

Nodal Direction 

Above Tc,   
Mode at Ω; 
 
Below Tc,    
Mode shifted to ∆+Ω 
 
∆−Local energy gap. 

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  

The  electron-phonon coupling either in isotropic coupling  
picture or forward scattering picture, cannot account for  
The observed momentum dependence. 



1.Two clear sharp modes in the superconducting state; 
 

2. Evolution of nodal kink and anti-nodal kink is 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 questions; 

 

 (Extraction of Eliashberg functions.) 
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