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VUV Laser-ARPES 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



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

➢ Super-high resolution (better than 1 meV);

➢ High data statistics;

➢ High stability with time.



Highlights of 

ARPES on Some Topological Materials



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

Direct evidence of spin-orbital locking in topological insulator Bi2Se3.



Ya Feng, X. J. Zhou et al., PNAS 113  (2016) 14656.

1. First direct observation of Dirac cones in monolayer silicene(3X3)/Ag(111);

2. It consists of 6 pairs of Dirac cones on the edges of Ag(111) Brillouin zone;

3. It is due to interaction between silicene(3X3) and Ag(111).



Chenlu Wang, Guodong Liu, X. J. Zhou et al., Phys. Rev. B 94  (2016) 241119(R).

1. Clearly resolve a complete Fermi surface of WTe2;

2. Clearly identify the surface state;

3. Experimental results consistent with type II Weyl semimetal nature of WTe2.



Temperature-Induced Lifshitz Transition and Topological Nature of ZrTe5

Yan Zhang, G. D. Liu, X. J. Zhou et al., arXiv:1602.03576, 

to appear in Nature Communcations.

Temperature Dependence of Bands

➢ Electronic evidence of the temperature-induced Lifshitz transition in ZrTe5;

➢ Solves the long-time puzzle on transport anomaly at ~135 K;

➢ Signature of edge states in ZrTe5; it is a weak topological insulator.

Fermi Surface



Evidence of Type II Weyl Semimetal State in MoTe2

Aiji Liang, X. J. Zhou et al., arXiv:1604.01706  (2016).

➢A single branch of surface state is identified that connects bulk hole pockets     

and bulk electron pockets;

➢Detailed temperature-dependent ARPES measurements show high intensity 

spot-like features that is 40 meV above the Fermi level.



Science  Advances 2, e1501329 (2016)



Mechanism of High Temperature Superconductivity

➢ High temperature 

superconductivity in 

cuprates still involves 

electron pairing.

➢ Origin of the 

electron Pairing?

1. Glue or not glue?

2. What is the glue? 

?

?



BCS Theory for Conventional Superconductivity

k

-k

"Cooper Pair"

➢ Formation of Cooper pairs in    

the superconducting state;

➢ The pairing is mediated by 

exchanging phonons. 



Experimental Validation of the BCS Theory in Conventional 

Superconductors – Pairing Eliashberg Function

Tunneling

J. Bardeen, 

Nobel Lecture, 1972.

Neutron 

Scattering

F(ω)
Theories or Models

Simulation

Complex Gap Function

Schrieffer, Scalapino,Wilkins

Phys. Rev. Lett. 10(1963)336.

α2F(ω)
Eliashberg

Equations

Inversion

McMillan

Rowell

Phys. Rev. Lett.

14 (1965)108.

Giaever, Phys. Rev. 126 (1962)941



Tunneling: Not Sufficient for d-Wave Superconductors

➢For s-wave superconductors:

Normal self-energy and pairing self-energy have the same symmetry.

➢ For d-wave superconductors:

Normal self-energy has the full symmetry of lattice.

Pairing self-energy has a d-wave symmetry.

Therefore, TWO Eliashberg functions are required, eN(w,k) and ep(w,k) .

Eliashberg Equations for d-Wave  Pairing



ARPES, with its unique momentum resolving capability,  

emerges as a powerful tool 

in extracting the normal self-energy and 

pairing self-energy in the superconducting state



Stringent Requirements on Data to Extract Pairing Self-Energy

Paring self-energy is extracted from the subtle 

superconductivity-induced change,  i. e., the net change 

between the superconducting state and the normal state.

Highly Stringent Requirements on Data to Extract Pairing Self-Energy

S. Bermon et al., 

Phys. Rev. 135 (1964) A306.

Al/Al2O3/Hg

J. W. Rowell et al.,

Phys. Rev. 137 (1965) A907.

Al/Al2O3/Pb

(dI/dV)S

(dI/dV)N 1%

Paring self-energy is extracted from the subtle 

superconductivity-induced net change: 

High precision (~1%) is necessary.

S. Bermon et al., 

Phys. Rev. 135 (1964) A306.

~  ½ (D/w)2

~  1%
for Bi2212

D=40meV, w=0.4 eV

High precision (~1%) is necessary



High Precision Laser ARPES on Bi2212

J. M. Bok, H. Y. Choi, C. Varma, X. J. Zhou et al., Science Advances 2,  e1501329  (2016).
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High Precision Laser-ARPES Measurements

• Different momentum 

cuts;

• Each cut at different 

temperatures above 

and below Tc;

• Different Bi2212 

samples



Extraction of Normal Self-energy and Pairing Self-energy

 Single particle spectral function,

 Green’s function in superconducting state,



Above Tc in the normal state, f (, w)=0  
 Normal self-energy  S(w)=(1-w)Z(w);

Below Tc in the superconducting state, 
 Normal self-energy S(w)=(1-w)Z(w);

Pairing self-energy   f (w)

eK—Bare band  -- from band structure calculations. 



J. M. Bok, H. Y. Choi, C. Varma, X. J. Zhou et al., Science Advances 2,  e1501329  (2016).

Fitting of MDCs to Get Normal and Pairing Self-Energies 



Normal Self-Energy S Determined above Tc

1. S2 (w,k) is nearly angle-independent below an angle-

dependent cut-off;

2.   S2 (w,k) is nearly linear in energy.



Normal Self-Energy S determined below Tc

J. M. Bok, H. Y. Choi, C. Varma, X. J. Zhou et al., Science Advances 2,  e1501329  (2016).

S2 (w,k) is nearly linear to energy.



Pairing Self-Energies in Bi2212

J. M. Bok, H. Y. Choi, C. Varma, X. J. Zhou et al., Science Advances 2,  e1501329  (2016).

Angle-Dependence

f(w)/cos 2 is independent  of 

to 10% accuracy.

Temperature-Dependence

f(w) increases below Tc.



Deduction of Normal Eliashberg Function

and 

Pairing Eliashberg Function



Eliashberg Equations for d-Wave  Pairing

Normal Eliashberg Function

Pairing Eliashberg Function

A. Sandvik, D. J. Scalapino & N. E. Bickers, Phys. Rev. B 69, 094523 (2004). 



Eliashberg Functions Extracted above Tc in Normal State

➢ Consist of a peak and a high-energy tail;

--~50 meV peak may be from phonons;

➢ Nearly momentum-independent except for the cut-off.

Such  fluctuation spectra lead to all

normal state properties.



Normal and Pairing Eliashberg Functions

At  low temperature in the superconducting state,

=

It is the same interaction that dictates the 

anomalous normal state  properties and 

electron pairing in the superconducting state.



➢ For temperature  near Tc,  

no ~50meV bump in  eP (w);

➢ ~50meV feature is possibly 

superconductivity-induced.  

P. B. Littlewood and C. M. Varma, 

J. Appl. Phys. 69, 4979 (1991).

Pairing Eliashberg Functions
--Fluctuations that give high Tc d-wave superconductivity

The most important information 

is in self-energies just below Tc.



Comparison with and Examination  on Superconductivity Theories

These results can be used to check on superconductivity 

theories of high temperature superconductors:

➢ Phonons;  X

➢ Spin fluctuations;  X

➢ Hubbard model;  X

➢ Quantum critical fluctuations  √

➢ ……

J. M. Bok, H. Y. Choi, C. Varma, X. J. Zhou et al., Science Advances 2,  e1501329  (2016).

Phonon DOS in LSCO

Vignolle et al., 

Nat. Phy. 3(2007)163.

Spin Fluctuation  in LSCO

Loop Currents



Superconductivity Mechanism in Iron-Based Superconductors

—Pairing Eliashberg functions in single-layer FeSe to be extracted

D. F. Liu , X. J. Zhou et al.,  Nature  Communications 3, 931 (2012).

S. L. He, X. J. Zhou et al., Nature Materials 12, 605 (2013).

1). Simple electronic structure;

2). Record high Tc~65K;

3). Nearly isotropic 

superconducting gap.

Ideal system for studying

mechanism of superconductivity 

in the iron-based superconductors

Single-layer FeSe/SrTiO3 is ideal:



Summary

Laser ARPES of unprecedented accuracy and 

stability quantitatively analyzed to:

These results are definitive and can be used to compare with 

calculations of different models of superconductivity.

Normal

Pairing

➢ Normal self-energy S(𝜃,𝜔) exhibits 

weak momentum dependence;

➢ Pairing self-enery f(w)/cos 2 is 

independent  of  to 10% accuracy.

➢ 𝜀𝑃(𝜔)/cos(2)≈𝜀𝑁 (𝜔) for T<<Tc in 

the superconducting state;

➢ Near Tc, 𝜀𝑃(𝜔)/cos(2)≈𝜀𝑁 (𝜔) minus 

~50meV bump.



Thanks



A Central Paradox of d-Wave Superconductivity in Cuprates

How the same frequency-independent fluctuations

that dominantly scatter at angles ± p/2 in the attractive 

channel to give rise to a d-wave pairing 

and lead to a nearly angle-independent repulsive 

scattering in the normal channel with the full symmetry 

of the lattice?



Implications and Comparison

with Some Theoretical Models



Phonons in High-Tc Cuprate Superconductors

The phonon frequency is 

limited to within 100 meV.

R. J. McQueeney et al., 

Phys. Rev. Lett. 87, 077001  (2001).

➢ Phonons can not account for the

observed pairing interaction;

➢ Phonons are present in normal 

Eliashberg function;

➢ Phonons do not enter into pairing 

Eliashberg fucntion.

Normal Pairing



Comparison with Spin Fluctuations

H. Y. Choi,  J. Phys. C 25, 365702 (2013).

B. Vignolle et al., Nature Physics 3(2007)163.

Simulated Measured

Frequency-dependence,       No

Normal self-energy,              No

Relation between 

two Eliashberg functions,   No



Comparison with DMFT Calculations on the Hubbard Model

Calculated Measured

Frequency-dependence,       No

Normal self-energy,              No

Relation between 

Two Eliashberg functions,   No
E. Gull, A. J. Millis, 

Phys. Rev. B 90, 041110 (2014); 

Phys. Rev. B 91, 085116 (2015).



Quantum Critical Fluctuations

M. E. Simon and C. M. Varma, Phys. Rev. Lett. 89, 247003 (2002).

V. Aji, C. M. Varma et al., Phys. Rev. B 81, 064515 (2010).

Loop Currents Proposed Fluctuation Function

These properties are predicted 

from the theory of Quantum 

Critical Flutuations’ of loop-

current order.



Future Directions



Further Precision Improvement—ARToF-ARPES

Advantages：

➢2-dimensioanl momentum  

coverage simultaneously;

➢Super-high resolutions:
Energy Resolution:    ~0.1meV

Angular Resolution:   0.05  Deg

➢Weak non-linearity effect;

➢7 eV and 11 eV lasers.



Laser ARToF-ARPES on Bi2212 (hv=7 eV)

95K85K 89.5K

Tc

195K

15K 25K 35K 45K 55K

65K 75K

105K 125K 145K 165K

Yuxiao Zhang, X. J. Zhou et al., unpublished.



11eV Laser-ARTOF on Bi2212

-1.0

-0.5

0.0

0.5

1.0

K
y

//
(p

a
)

-1.0 -0.5 0.0 0.5 1.0

Kx//(pa)

Eb=0.0meV

-
1
.
0

-
0
.
5

0
.
0

0
.
5

1
.
0

Ky//(pa)

-
1
.
0

-
0
.
5

0
.
0

0
.
5

1
.
0

K
x

//
(p

a
)

E
b
=
0
.
0
m
e
V

cu
t1
cu
t2

Nodal Region Anti-nodal Region

1. Cover larger momentum space at one time;

2. Reach (p,0) antinodal region.

Jing Liu, Ping Ai, Qiang Gao, X. J. Zhou et al., unpublished.



Further Work in Cuprates

1.Extend to different dopings;

2.Extend to different systems (Bi2212, Bi2201).



Laser ARTOF-ARPES on (Ba0.6K0.4)Fe2As2

Jianwei Huang, X. J. Zhou et al., unpublished.



Calculation of Tc

from Deduced Pairing Eliashberg Functions

Calculated Tc~135 K 

for UD89K  sample

Calculated Tc~90K

for OD82K sample

J. M. Bok, H. Y. Choi, C. Varma, X. J. Zhou et al., Science Advances 2,  e1501329  (2016).



Superconductivity-Induced Features in Self-Energies

For any electronic mechanism of pairing,

self-energies below Tc changes up to an energy of 3D.

P. B. Littlewood and C. M. Varma, J. Appl. Phys. 69, 4979 (1991).

Therefore, the most important information is in self-

energies just below Tc.



The Irreducible Interaction Deduced among Fermions



Validity of Eliashberg Functions in Cuprates?

Refer to Supplementary of J. M. Bok et al., Science Advances 2, e1501329 (2016).

Check with Chandra Varma since he has successfully persuaded two theorists.



The Central Paradox of Superconductivity in Cuprates.

➢The normal state self-energy is angle-independent;

➢Superconductivity is d-wave which requires

dominant scattering near angle π/2.



Fermion Pairing: An Important General Point

Symmetry of Pairing determined by Angular distribution of scattering 

from k to k’:

S-wave: isotropic scattering of fermions.

P-wave: preferred forward (near 0-angle) and backward (near π ) 

scattering of fermions.

D-wave: preferred scattering at +/- (π /2) .

Requires angle-dependent scattering





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).



Ordinary Tunneling: Not Useful for d-Wave Superconductors

➢For s-wave superconductors:

Normal self-energy and pairing self-energy have the same symmetry.

➢ For d-wave superconductors:

Normal self-energy has the full symmetry of lattice.

Pairing Energy has d-wave symmetry.

Correspondingly, TWO Eliashberg Functions are required, eN(w,k) and eS(w,k) .



Eliashberg Equations for d-Wave  Pairing

Normal Eliashberg Function

Pairing Eliashberg Function

A. Sandvik, D. J. Scalapino & N. E. Bickers, Phys. Rev. B 69, 094523 (2004). 



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



High Precision Laser ARPES on Bi2212

J. M. Bok, H. Y. Choi, C. Varma, X. J. Zhou et al., Science Advances 2,  e1501329  (2016).
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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)
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Reveal Superconducting Features



Bogoliubov Quasiparticle in the Superconducting State

In conventional BCS 

Theory of Superconductivity

Characteristics of Bogoliubov Quasiparticle:

1. Two branches of  dispersion bands

Separated by 2D

Centro-symmetric,  A(k, w)=A(-k,-w)

2.  Band back-bending 

A(k, w)



Simulated ARPES Images in the Superconducting State

A(k, w) ARPES Measures: 

Fermi distribution function 
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Simulated Band  Back-Bending  in Lower Branch at Low Temperature

E
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F
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L. Zhou, X. J. Zhou et al., Chin. Phys. Lett.  25(2008) 4402

Poor Fermi Surface Nesting in (Ba0.6K0.4)Fe2As2 (Tc~38K)

Fermi surface at G:

Two large hole-like 

Fermi surface sheets;

Fermi surface at M:

One tiny electron pocket 

and 

Four hole-like lobes



Many-Body Effects in Cuprates 



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



Laser-ARPES on Many-Body Effects in Opt-Doped Bi2212:
Identification of a new form of electron coupling
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W. T. Zhang, X. J. Zhou  et al.,   Phys. Rev. Lett. 100 (2008) 107002.  



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?



Coexistence of Two Energy Scales in OD-Bi2212

Junfeng He, H. Y. Choi, C. Varma, X. J. Zhou et al.,

Phys. Rev. Lett. 111 (2013) 107005. 



Momentum and Doping Dependence of the Two 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

1. 70meV  and 40meV energy

scale coexist;

2. 70meV scale changes little 

in energy when moving 

from nodal to antinodal 

regions;

3. 40meV scale changes from 

40meV near antinodal 

region to  70 meV near 

nodal region.

Junfeng He, H. Y. Choi, C. Varma, X. J. Zhou et al.,

Phys. Rev. Lett. 111 (2013) 107005. 



➢ Introduction to Laser-ARPES;

➢ Many-Body Effects in Cuprates;

➢ Quantitative Extraction of  Pairing 

Interactions in Cuprates

1. Normal Self-Energy and Pairing Self-energy;

2. Deduction of Normal Eliashberg Functions

and Pairing Eliashberg Functions;

3. Implications and Comparison with Theories;

➢ Future Directions

Outline



Nature Report, February, 2009

KBe2BO3F2 (KBBF): New Non-Linear Optical Crystal
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Tunneling Measurements – Momentum-Integrated 

Complicated to interpret:   due to strong anisotropy of electronic 

structure and gap structure in cuprates 

H. Ding et al., Phys. Rev. B 54 (1996)9678. 

d-wave Energy Gap

La-Bi2201, 

Tc=32 K

Dichotomy between nodal and 

antinodal electronic states

T. Yoshida et al., Phys. Rev. Lett. 91(2003)027001;

X. J. Zhou et al., Phys. Rev. Lett. 92(2004)187001;

K. M. Shen et al., Science 307(2005)901.



Anomalous Normal State Properties of Cuprate Superconductors

Bi2201

Temperature (K)

S. Martin et al., Phys. Rev. B 41(1990)846.
H. Takagi et al., Phys. Rev. Lett. 69 (1992) 2975. 

In nearly-optimally doped HTSCs, from transport and other 

measurements, the single-particle self-energy: ImS~w.



Laser ARToF-ARPES on Bi2212



Highly Stringent Requirements on Data to Extract Pairing Self-Energy

S. Bermon et al., 

Phys. Rev. 135 (1964) A306.

Al/Al2O3/Hg

1%

Paring self-energy is extracted from the subtle 

superconductivity-induced change,  i. e., the net change 

between the superconducting state and the normal state: 

~  ½ (D/w)2

~  1%
for Bi2212

D=40meV, w=0.4 eV

High precision (~1%) is necessary.



High Precision Laser ARPES Measurements on Bi2212

J. M. Bok, H. Y. Choi, C. Varma, X. J. Zhou et al., Science Advances 2,  e1501329  (2016).



~1% Data Precision Achievable in Bi2212
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Prominent Issues in Cuprate Superconductors

➢ Anomalous normal 

state:

--Linear resistivity-T;

--Pseudogap.

➢ Unusual 

superconducting 

state:

--High Tc;

--d-wave gap symmetry. 



Angle-Resolved Photoemission Spectroscopy (ARPES)
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Power of ARPES – A Tool for Probing Many-Body Effects
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Measurement

Chamber

Prep Chamber

Sample Transfer

VUV Laser System

hv=6.994 eV

Manipulator

VUV Laser ARPES System Developed 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.



New Energy Scale 

in Bi2212 

W. T. Zhang et al., 

Phys. Rev. Lett. 

100(2008)107002. 

High Energy Kink

in Bi2212 

W. T. Zhang et al., 

Phys. Rev. Lett. 

101(2008)017002.

Quantitative 

Self-Energy

L. Zhao et al., 

Phys. Rev. B . 

83(2011)184515.

Self-Energies 

in SC State

W. T. Zhang et al., 

Phys. Rev. B . 

85(2012)064514.

Laser ARPES on Cuprates --Highlights
Fermi Pocket  in La-Bi2201

J. Q. Meng et al., 

Nature 462(2009)335.

Nodal and Antinodal 

Kink in Bi2212 

J. F. He et al., 

Phys. Rev. Lett. 

111(2013)107005.

Insulator-Superconductor 

Transition in Bi2201

Y. Y. Peng  et al., 

Nature Communications 

4 (2013) 2459.

d-wave Gap 

in Bi2201

J. Q. Meng et al., 

Phys. Rev. B . 

79(2009)024514.



Original

Data

Tc=89K

Divide by 

Fermi

Distribution 

Function

Laser ARPES on Bi2212—Two Branches of Dispersion

Obvious  two branches of dispersion at 70K and 80K

W. T. Zhang, H. Y. Choi, C. Varma, X. J. Zhou  et al.,  Phys. Rev. B 85 (2012) 064514;



Observation of Band Back-Bending in Bi2212 at 16 K
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Eliashberg Functions of Bi2212
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J. M. Bok, H. Y. Choi, C. Varma, X. J. Zhou et al., Science Advances 2,  e1501329  (2016).



Extraction of Normal Self-Energy S and Pairing Self-Energy f

J. M. Bok, H. Y. Choi, C. Varma, X. J. Zhou et al., Science Advances 2,  e1501329  (2016).

Normal Self-Energy S Pairing Self-Energy f



Salient Points and Implications of the Data and Analysis 

➢ Normal self-energy S(𝜃,𝜔) exhibits weak momentum 

dependence;

➢ Pairing self-enery f(w)/cos 2 is independent  of  to 

10% accuracy.

➢ 𝜀𝑃(𝜔)/cos(2)≈𝜀𝑁 (𝜔) for T<<Tc in the superconducting 

state;

➢ Near Tc, 𝜀𝑃(𝜔)/cos(2)≈𝜀𝑁 (𝜔) minus ~50meV bump.

It is the same interaction that 

dictates the anomalous normal 

state  properties and electron 

pairing in the superconducting 

state.



Summary

➢ Latest development of 

laser-based ARPES;

➢ Key electronic ingredients in 

dictating the mechanism

of superconductivity in

the iron-based supercondctors;

➢ First quantitative determination 

of the pairing Eliashberg functions

puts strong constraints on the 

pairing mechanism of the cuprate 

superconductors. 



Salient Points and Implications of the Data and Analysis 

➢ Normal self-energy S(𝜃,𝜔) exhibits weak momentum 

dependence;

➢ Pairing self-enery f(w)/cos 2 is independent  of  to 

10% accuracy.

➢ 𝜀𝑃(𝜔)/cos(2)≈𝜀𝑁 (𝜔) for T<<Tc in the superconducting 

state;

➢ Near Tc, 𝜀𝑃(𝜔)/cos(2)≈𝜀𝑁 (𝜔) minus ~50meV bump.

It is the same interaction that dictates the normal state    

properties and superconducting state electron pairing.


