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s+/- pairing in Fe-pnictides Mazin et al PRL 2008
electron-hole pocket pair scattering dominates

- nesting peaks interaction V(q) at (π,0) in 1-Fe zone
- interaction is ~ constant over small pockets
- therefore sign-changing s+/- state solves gap eqn

α β

also: 

Kuroki et al 2008
Seo et al. 2008
Chubukov et al 2008

χ(q)Orbital physics?

Graser et al 2009
Zhang et al 2009
Sknepnek et al 2009

Anisotropy



PH, Korshunov and Mazin Rep. Prog. Phys. 2011

nodes

Full gap

nodes?

anis.

Fe-pnictides: evolution of gap with doping from spin fluct. thy

“trivial” (but important) orbitally selective pairing



High Tc in Fe-chalcogenides

Zhao et al Nat. Comm 2016: “Common electronic origin of superconductivity…”

Is Tc increased when you remove hole pocket?  Disagrees with SF theory



Are the Fe-chalcogenides fundamentally different? 

M adatom

Zn adatom Ag adatom



FeSe: a proto-high Tc superconductor

Liu et al arXiv 2018
Kushnirenko et al arXiv 2018
Rhodes et al arXiv 2018



Correlations in FeSe: 
expectations from twinned ARPES

Yi et al PRB 2009, Ortenzi et al PRL 2009,
Borisenko et al Nat. Phys. 2016,  Fanfarillo et al PRB 2016

Grazie a L. Benfatto



Questions/Outline

1) What is the superconducting gap structure in FeSe?

2) What is the origin of nematicity in FeSe?

3) How  do we understand the p-T-x phase diagram?

4) Is Tc higher for systems with e-pockets only?  Why?

5) Are Fe-chalcogenides fundamentally different from
Fe-pnictides due to stronger correlations?





Cornell group (Sprau et al Science 2017)





ARPES finds same gap structure



Fit to ARPES, QO expts
Mukherjee et al PRL 2015
Kreisel et al PRB 2016
Sprau et al Science 2017

Theory: band structure modeling

Twinned ARPES



Hubbard-Kanamori: 
multiple orbitals, onsite only+



Superconductivity: Ingredients of model     

(spin fluctuation pairing vertex)

etc…





Orbital selective Mott picture
Yin et al 2011, Arakawa & Ogata 2011, de Medici et al 2011, Yu et al 2014 

L. de Medici et al,  PRL 2014(all data in high-T tetragonal phase)

⇒selective orbital 
mass enhancement

Recent reviews: Bascones et al CRAS 2016, Roekigham et al CRAS 2016,
Yi et al npj Quantum Materials 2017 



Reminder: coherent & incoherent part of spectrum

Bruus & Flensberg.

Spectral 
function:

Renormalized Green’s function: Quasiparticle weight:

Z

Z

Z Z

incoherent

1
𝜋𝜋



dyz

Modified spin fluctuation pairing Ansatz 
(Sprau et al Science 2017, Kreisel et al PRB 2017)

Remarks:
• bands fit to ARPES, QO, QPI contain already Σ’(k,0)
• Basic conclusion from STM – pairing on yz orbitals only -- might be explainable without Z’s

a)  suppress xy, rely on nematic wave functions to kill xz (Kang et al aXv:2018)
b)   suppress xy, take xz/yz shifts from nematic spin correlations (Fanfarillo et al aXv:2018)



A. Kreisel et al, PRB 2017

“

“



Consistency of untwinned ARPES with orbital selective pairing ansatz

M. Watson et al, PRB 2017

Expected from “red-blue shift” alone

No xz weight!!!!!



Are renormalizations found from fit sensible?

“Error bars” consistent with SC gap fit

Note a) xy must be smallest
b) xz, yz, must be quite different

Cf. Yu et al arXiv 2018



No zero crossing between gaps, as 
predicted for sign-changing SC: 

Δ(𝑘𝑘) changes sign between the 
hole-like and electron-like pocket. 

𝜹𝜹𝜌𝜌− 𝐸𝐸 = �
𝑞𝑞𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊

𝜹𝜹𝜌𝜌− 𝑝⃗𝑝1 + 𝛿𝛿𝑞⃗𝑞, 𝐸𝐸

Sprau et al Science 357, 75 (2017)

New technique to detect gap sign change from QPI: FeSe

Is the SC state s++, à la DL Feng?



Kreisel et al PRB 2017



Topograph

Quasi-particle interference in FeSe

45 nm×45 nm, +50 mV/100 pA

T ~ 1.5 K dI/dV/(I/V)

Unidirectional dispersing features

aFe

bFe

aFe

bFe

cf. NaFeAs: E. P. Rosenthal et al., 
Nat. Phys. 10, 225 (2014).

S. Kasahara et al., PNAS 111, 16309 (2014).

Thanks to T. Hanaguri



dI/dV/(I/V)

Rotation of QPI patterns at high energy

Electron-like Hole-like

along qa along qbFT-dI/dV/(I/V)

• Orthogonal electron- and hole-like dispersions

B = 12 T B = 12 T

+∆
−∆

+∆
−∆EVBM

ECBM

S. Kasahara et al., PNAS 111, 16309 (2014).

• Extremely small |EBM –EF|~ D , long λF ~ x Thanks to T. Hanaguri



Consistency with other observables?
“Normal state” QPI

Kostin et al
ArXiv:1802.02266, 
Nat. Mat. 2018

Same Z’s as 
Sprau et al.

Note 1D character seen 
well above energies E~Ts





Remarkable rotation of C2 pattern with bias is due 
to orbital differentiation – dominance of yz states

Friedel oscillations rotate around a single Fe-centered defect

OS Theory Z<1Theory Z=1 Expt.Kostin et al






Where is the d pocket?



Inelastic neutron scattering (twinned)
RPA dynamical susceptibility with and without qp weight renormalizations

Q. Wang et al
Nat. Comm. 2016

No Z’s: π,π fluctuations 
too strong 

With Z’s: π,π fluctuations 
weakened at low E: spin gap

expt

thy w/ Z’s



A. Kreisel, et al PRB 2015; arXiv:1807.09482

Inelastic neutron scattering (twinned): SC state

Quasiparticle weights make π,π excitations commensurate, suppress intensity at low T – “spin gap”



Inelastic neutron scattering: 
predictions for untwinned samples

Remarks:

• Current approach breaks down at higher energies because 1) band structure incorrect; 
2) Z-factors increase w/ energy, not accounted for; 3) RPA inadequate

• Virtually no weight at (0,π) expected at low energies, in contrast to unrenormalized band.  

Zl<1Zl=1

See also:  She et al arXiv 2017, Lai et al 2017 – predicted strong π,0/0,π anisotropy in localized models



Inelastic neutron scattering: 
recent results for twinned samples
Chen et al 2018 (Dai & Broholm groups; Kreisel, Andersen and PJH) 

No low-E spin gap except in SC state
Incommensurate ringlike excitations at ~5mev

(near resonance energy)

T=10K              T=2K



Inelastic neutron scattering: 
recent results for untwinned samples

Chen et al 2018 (Dai & Broholm groups; Kreisel, Andersen and PJH) 



Momentum-dependence of self-energy

Ikeda et al 2009 band structure for 1111 𝑛𝑛 = 6.0

Zν(k)

working on FeSe…



Conclusions/questions

3) Importance of longer-range Coulomb repulsion in FeSe could   
explain both anomalous band renormalization, orbital order, and 
measured pressure dependent phase diagram. 

1) FeSe exhibits orbital-selective Cooper pairing, crucial for 
fundamental theory of Fe-based superconductivity

2) Modified spin-fluctuation theory that allows for orbitally
dependent quasiparticle weights provides a quantitative 
description of normal state excitations, gap structure 

3) Same procedure works for Fe/STO monolayers, LiFeAs

4) Novel QPI analysis suggests sign-changing states in FeSe, 
FeSe intercalates with electron pockets only

5) Strong anisotropy between p,0 and 0,pi spin fluctuations predicted
in theory, seen in experiment, along with unusual localized mode.

Superconductivity in Fe-chalcogenides  
has the same origin as Fe-pnictides

– spin fluctuations

Can one achieve essentially the same story without xz/yz qp incoherence?
cf. Chubukov-Fernandes, Benfatto…

6)
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