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The Challenge of Strong 
(Intermediate) Coupling
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Key Questions in 
High-Tc Superconductivity:

New Physics in the Intermediate Regime!
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Recent Advances in Theory 

• New numerical approaches: 
Functional Renormalization Group

• A handle on order parameter symmetry
: Weak coupling RG for superconductivity 
driven by purely repulsive interaction

• A new perspective of intertwined order

• Insight into the minimal model: 
the role of oxygen sites
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Recent Advances in Theory 



~p, " �~p, #

The Phase Diagram? The Mechanism?

Key Questions in 
High-Tc Superconductivity:



~p, " �~p, #

The Phase Diagram? The Mechanism?

Key Questions in 
High-Tc Superconductivity:



The Complex Phase Diagram

T

Simple PD of 
conventional SC



The Complex Phase Diagram

T
Tc

Simple PD of 
conventional SC



The Complex Phase Diagram

T
Tc

Fermi Liquid 
Metal

Simple PD of 
conventional SC



The Complex Phase Diagram

T
Tc

Fermi Liquid 
Metal

Superconductor

Simple PD of 
conventional SC



The Complex Phase Diagram

T
Tc

Fermi Liquid 
Metal

Superconductor

Simple PD of 
conventional SC

Complex PD of high Tc SC



The Complex Phase Diagram

T
Tc

Fermi Liquid 
Metal

Superconductor

Simple PD of 
conventional SC

Complex PD of high Tc SC



The Complex Phase Diagram

T
Tc

Fermi Liquid 
Metal

Superconductor

Simple PD of 
conventional SC

Complex PD of high Tc SC



The Complex Phase Diagram

T
Tc

Fermi Liquid 
Metal

Superconductor

Simple PD of 
conventional SC

Complex PD of high Tc SC

•Phases in between FL & MI



The Complex Phase Diagram

T
Tc

Fermi Liquid 
Metal

Superconductor

Simple PD of 
conventional SC

Complex PD of high Tc SC

•Multiple “phases” at similar T
•Phases in between FL & MI



The Complex Phase Diagram

T
Tc

Fermi Liquid 
Metal

Superconductor

Simple PD of 
conventional SC

Complex PD of high Tc SC

•Multiple “phases” at similar T
•Unidentifiable regions

•Phases in between FL & MI



The Complex Phase Diagram

T
Tc

Fermi Liquid 
Metal

Superconductor

Simple PD of 
conventional SC

Complex PD of high Tc SC

•Multiple “phases” at similar T
•Unidentifiable regions

•Phases in between FL & MI



Riddles



Riddles of Pseudo Gap

AF: Antiferromagnet 
SC: Superconductor 
PG: Pseudogap 
HTS: Hight temperature Superconductor



Riddles of Pseudo Gap

•Cross-over or Phase transition?

AF: Antiferromagnet 
SC: Superconductor 
PG: Pseudogap 
HTS: Hight temperature Superconductor



Riddles of Pseudo Gap

•Cross-over or Phase transition?

•Symmetry breaking?

AF: Antiferromagnet 
SC: Superconductor 
PG: Pseudogap 
HTS: Hight temperature Superconductor



Riddles of Pseudo Gap

•Cross-over or Phase transition?

•Symmetry breaking?

•What are broken symmetries?

AF: Antiferromagnet 
SC: Superconductor 
PG: Pseudogap 
HTS: Hight temperature Superconductor



Riddles of Pseudo Gap

•Cross-over or Phase transition?

•Symmetry breaking?

•What are broken symmetries?

AF: Antiferromagnet 
SC: Superconductor 
PG: Pseudogap 
HTS: Hight temperature Superconductor

➡Challenge: 
1) Define and detect 
order parameter 



Riddles of Pseudo Gap

•Cross-over or Phase transition?

•Symmetry breaking?

•What are broken symmetries?

AF: Antiferromagnet 
SC: Superconductor 
PG: Pseudogap 
HTS: Hight temperature Superconductor

➡Challenge: 
1) Define and detect 
order parameter 

OP

QCP



Riddles of Pseudo Gap

•Cross-over or Phase transition?

•Symmetry breaking?

•What are broken symmetries?

AF: Antiferromagnet 
SC: Superconductor 
PG: Pseudogap 
HTS: Hight temperature Superconductor

➡Challenge: 
1) Define and detect 
order parameter 

OP

QCP

2) Locate the Quantum 
Critical Point (QCP) 
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K. Fujita et al, submitted to 
Science (2014)

QCP
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Qx vs Qy

➡Measures C4 breaking

➡Preserves lattice translation
M.J. Lawler et al Nature 2010
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➡ Intra-unitcell pattern including O sites 

O 2px 

Z̃( ⇤Qx) = Z̄Cu � Z̄Ox + Z̄Oy Z̃( ⇤Qy) = Z̄Cu + Z̄Ox � Z̄Oy,
ON ⇥ (Z̄Ox � Z̄Oy ) M.J. Lawler et al, Nature 2010
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Nematic Order
•Shift Qx, Qy to origin •Low pass filter (long 

distance physics)

Orders near pseudogap energy scale
Lawler, Fujita et al, Nature 2010
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Smectic domains
•Shift Sx, Sy to origin 
(“tune to the channel”)

•Low pass filter (long 
distance physics)

Severely fluctuating in space at all energies

Lawler, Fujita et al, 
Nature 2010

Kohsaka et al (2008) Robertson et. al. (2006) Del Meastro et. al. (2006)
:Consistent with previous studies
Howald et al (2003)
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K. Fujita et al, Science (2014)

Doping Dependence of Q=0 IUC Nematic
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K. Fujita et al, Science (2014)

Doping Dependence of Q=0 and Q≠0 Symmetry Breaking
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 Pairing Mechanism of FeSC?

Wang & Lee, 2011

• Structural / magnetic transition near SC 
⇒ Is it boson-mediated superconductivity?
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Three step approach



LiFeAs

FeSe!
“11”

LiFeAs!
 “111”

BaFe2As2!

“122”
SmFeAsO!

“1111”

Highest TC~56K Highest TC~38K!
Ca0.86Pr0.14Fe2As2, 

TC~45K

Highest TC~18K Highest TC~15K!
TC~36.7K at 8.9GPa
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Why LiFeAs?
• Neutral cleave plane

• Detailed knowledge of electronic structure

• Large hole pocket (γ) with a single orbital 
character dxy

ARPES!
Knolle et al. 2012 STM!

Allan & Rost et al. 2012
ARPES!

Umezawa et al. 2012

FeFe

FeAs



1. Identify suspects



Bosons suspects in LiFeAs

• Fe Eg optical phonon 
-  argued to induce 

orbital fluctuation 
-Ử=15meV (Raman, 

DFT)



Bosons suspects in LiFeAs

• Fe Eg optical phonon 
-  argued to induce 

orbital fluctuation 
-Ử=15meV (Raman, 

DFT)

Raman!
Um et al. 2012

Phonons 



Bosons suspects in LiFeAs

• Fe Eg optical phonon 
-  argued to induce 

orbital fluctuation 
-Ử=15meV (Raman, 

DFT)

Raman!
Um et al. 2012

Phonons Spin Fluctuation 



Bosons suspects in LiFeAs

• Fe Eg optical phonon 
-  argued to induce 

orbital fluctuation 
-Ử=15meV (Raman, 

DFT)

Raman!
Um et al. 2012

Inelastic Neutron !
Taylor et al. 2011

Phonons Spin Fluctuation 



Bosons suspects in LiFeAs

• Fe Eg optical phonon 
-  argued to induce 

orbital fluctuation 
-Ử=15meV (Raman, 

DFT)

• Resonant mode centered 
at Q=(π,  π)  (AFSF)!
– Ω=6meV

Raman!
Um et al. 2012

Inelastic Neutron !
Taylor et al. 2011

Phonons Spin Fluctuation 
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2. Gather evidence

J.C. DavisAndreas W. RostMilan P. Allan Freek Massee



Scanning Tunneling 
Spectroscopy

g(r, ω)



Quasiparticle Interference

Fourier!
Transform

g(r, ω) g(q, ω)
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Electron Self Energy

3. Match evidence to a suspect

Kyungmin Lee Mark Fischer
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Electron Self Energy
• Self energy captures electron-boson coupling 

!

• ReΣ : change in dispersion  

• ImΣ  : broadening
Three moving parts
• Fermion propagator
• Boson propagator
• Coupling vertex
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Classic Example: Pb
• Tunneling experiment 
– Superconducting Pb 
– Signature of electron-

phonon coupling

ω (Energy)
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• Migdal-Eliashberg,

!
1. Start from Fermi liquid 
2. Compute self energy to 

all orders, ignoring 
vertex correction 

à Boson coupling 
produces both SC and 
high energy fingerprint



Challenges

!

• No separation of scales for spin fluctuation 
à Vertex correction cannot be ignored 
!

• Multiple bands 
(5 Fe3d-orbitals)



Perturbative Self Energy

1. Start from experimentally measured 
gap (BdG) 

2. Compute lowest order self energy 
à Boson coupling produces high energy 

fingerprint
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Model Electronic Structure of LiFeAs

!

• Three band model 
– Electron pockets (β1,β2) 

around M 
– Large hole pocket (γ) 

around ỉ with uniform 
orbital character (dxy)

FeF
e

FeA
s

• Experimentally 
measured 
Superconducting gap 
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Model for AF Spin Fluctuation

• Gaussian with ξ=6a (FWHM: ~12% of π/a)

Model Spectral Weight
Taylor et al. 2011

• Peaked at Q=(π,  π) with energy Ω=6meV
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Eg (Fe) phonon

• Holstein Eg phonon was 
shown to induce orbital 
fluctuations 

[Kontani & Onari, PRL 2010]

• coupling vertex orbital dependent 
à effective momentum 
dependence

Ω=15meV
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QPI Calculation with self-energy 
dressed Greens function

g(q, ω) (STS)g(q, ω) (T-matrix)



Comparison of 
Theory and Experiment 

 
Self-energy due to AFSF 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Energy Dependent Anisotropy
Theory STS

Δmax

Δmin

0

Energy

E-B 
coupling

FeF
e

FeA
s

Low energy anisotropy due to 
gap anisotropy
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Theory (AFSF) STS

Δmax

Δmin

0

Energy

E-B 
coupling

Energy Dependent Anisotropy

High energy self-energy effect!
Intensity suppressed along 
Fe-Fe
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Energy Dependent Anisotropy
• Theory (AFSF) • STS

1

2
3



 
Self-energy due to Eg phonon  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Prediction for Phonon
• Fe Eg optical phonon
– induces orbital fluctuation
– Ử=15meV (Raman, DFT)
– coupling vertex orbital 

dependent 
à effective momentum 
dependence

• Isotropic self energy on γ
– uniform orbital character (dxy)
– kinematics predicts no 

anisotropy
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• Lowest order self-energy due to electron-
boson coupling

• Predict SF coupling self-energy 
Ủ(k,ω)effects in QPI n(q,E)

- Sensitive to bare band-structure

- Strongly q-dependent: anisotropic

Mechanism: Summary

Fe-Fe Fe-As



Mechanism:Summary

!

• Fingerprint of electron-
boson coupling in LiFeAs

STS

AFSF
• Mode at finite Qà 

anisotropic self energy

Allan, Lee etal, arXiv:1402.3714, to appear in Nat. Phys.

:energy selective 
anisotropic self-energy
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