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C. Aron and G. Kotliar arxiv: 1401.0331 

Analytic theory of Hund's metals: a renormalization group perspective  

Strongly Correlated Superconductivity: the case of 
the Iron Pnictides and Chalcogenides.  



http://www.sc.doe.gov/bes/reports.lists.html 

“Tc vs. Time” http://science.energy.gov/~/media/bes/pdf/
reports/files/sc_rpt.pdf 
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 Band Theory.  Fermi Liquid Theory (Landau 1957).  

   
  Density Functional Theory (Hohenberg Kohn Sham 1964) 

    
−∇2 / 2+VKS (r)[ρ] ψkj = εkjψkj

Reference Frame for 
Weakly Correlated 
Systems.  

Excellent binding energies and structures /Starting point  for  perturbation 
theoryGW (Hedin) in the screened  Coulomb interactions  

M. VanSchilfgaarde Phys. Rev. Lett. 93, 126406 (2004) 

    
ρ(r) =  ψkj *(r)ψkj (r)

εkj<0∑

+ [ 	
                -        ]	
KSV
1
0KSG −1G− =

Many other properties can be computed,  structure , 
transport, optics, phonons, etc… 

Weak copuling instabilities- BCS superconductivity… 
…….. 
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Migdal Eliashberg. Controlled approximations as 
along as the coupling is not too strong and if 

ωD << εF 



DMFT Self consistent quantum  impurity model. 
Reference system to study correlated electrons 
materials   
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Δ	


G(k,iω)= 1
iω −εk −Σ(iω)

1 particle 
irreducible self 

energy  

Two particle 
irreducible vertex 

function 

Quantum impurity model 
generates irreducible and 
two particle quantities.  Via Irreducible LOCAL  

quantities 

 A. Georges, G. Kotliar, W. Krauth, and M. J. 
Rozenberg, Rev. Mod. Phys. 68, 13 (1996) 

LDA+DMFT . Quantum 
Embedding.  G. Kotliar, S. Y. 

Savrasov, K. Haule, V. S. 
Oudovenko, O. Parcollet, and C. 

A. Marianetti,RMP. 78, 865 
(2006) 

 

Vst- 



 

 (2008)Superconductivity in LaFeAsO1-xFx  

Doped Mott Insulators ?  

Weakly correlated 
Itinerant magnets?  

Hunds metals ? 
  . 
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 La+++   O--  (LaO)+  ionic-insulating  

 (FeAs)- layers   active block       

Atomic iron , [Fe] 3d6 4s2.  [As] 

Atomic arsenic  [Ar] 3d10 4s2 4p3  

Fe++  d6   As---   p6  

Doping with F   (electrons )  

Real 
Space 
Picture  

Momentum  
Space Picture  



Early DMFT predictions 

Importance of correlations 

Mass enhancement 3-5 

Unconventional SC 

Phonon Tc<1K 

Parent 
Compound is 

a (bad)semi- 
metal. 

5     3d orbitals   small X- fields   L. Boeri et. al. PRL , 101, 026403 (2008)  



Optical Spectroscopy can be used to determine 
the mass enhancement relative to the band 

theory mass (LDA) 

M. M. Qazilbash et. al. Nature  Physics 5, 647 (2009)  

LDA+DMFT had predicted  correlation 
effects m/m* ~.3 -.2 this WAS    seen in 

OPTICS.  

But proximity to the Mott transition can 
also induce Motness.  
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LDA value 

U=5e
v 



All families share the same FePn layers Fe d6, similar bands    
What governs the strength of the magnetims    among the 

families ? Big  window, same local interactions for all 
materials.  Variations are  in the one electron H0.  
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DSDW SDW  



Spin polarization large at high energy 

Spin moment lives at high energy and  orbital polarization at low energy 

DYNAMICAL NEMATICITYYin Z Haule K and GK Nature Physics 7, 294–297 (2011) 

 

  

Understanding the Stripe Phase ( and by 
extension the nematic phase above it )  

Orbital polarization large at low energy  

(300 meV) 
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Hundness 101 :  Uc2 ~ N W, Uc1~N.5 Orbitally  degenerate systems tend to be metallic 
unless degeneracy is lifted 

d5->d6 

d5->d4 

     
HKondo =

kα,βk '
∑ Jαβdα

+ σdβ .cαk
+ σcβk '

  

Jαβ = J

Jαβ = Jδαβ     

TK = e
−

1
ρJN

TK = e
−

N
ρJ

U+4J 

d6->d7 

d6->d5 
U-J-C 

Fe d6 confguration is 
much more metallic 

than the d5 
configuration of Mn. 
No Mott blocking!!! U~1.5+0.21(Z—21) 

J~0.59 +  0.075(Z—21) 

C~0. 5 J 

VanderMarel  Sawatzky 

 PRB 37 , 10674 (1988) 

J. R. Schrieffer J. Applied Physics 32 , 1143 (1967) 

Extreme low energy scale Hundness reduce 
the coherence scale of the resonance by N2 



Hundness 102  RG Eq for the Hunds metal.  C. Aron and GK 
arxiv: 1401.0331  M orbitals N spins 
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FERROMAGNETIC SIGN 

for hole doping! 

Intermediate 
assymptotic  

multichannel fixed 
point K=2.N 

Flow to fermi 
liquid fixed 

point 

is delayed 

for a  long time 

 

See also Akahnjeee and Tsevlik PRB 87, 195137 (2013 

and Tsen and Coleman PRL (2012)  

 

Schrieffer 
effect 

Small Perturbation ! 



Simple Impurity model  

•  Explains particle hole asymmetry around d6   Co doping on 
Fe vs K doping on Ba.   d6. neq.d5 

 
Explain the power laws observed in the optical conductivity of other Hunds metals SrRuO3   Y. 
S. Lee et al., Phys. Rev. B 67, 113101 (2003).and in   DMFT studies of 3 band models ( Werner 

P. Werner, E. Gull, M. Troyer, and A. J. Millis, Phys.Rev. Lett. 101, 166405 (2008).) 

d distance from half filled shell.  Explains the  dependence of the coherence scale of 
the impurity on filling.      

Explains the origin of the low energy scale in the model with Hunds coupling.  

Explains the different  ormalizations of the spin and orbital susceptibliities above 
the Fermi liquid coherence scale.  



angle 

Overall trend consistent with Fe-As distance  

Landscape of Materials:  Nature Materials 
10,:932–935:(2011) 

  

Hybridization with pnictogen 
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Tendency to orbital 
differentiation as 

correlations 
increase.  



usually larger, but not  

when pnictogen height large! 
Destructive interference leads to kinetic frustration! 

Effective low energy hoppings 

+ - 

- 

- 

+ 

+

- 

Orbital Differentiation and 
Kinetic frustration  in  FeTe 
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Factors that govern the correlation ndLiebsch Ishida  Phys. Rev. B 81, 
054513 (2008) Yin Haule and Kotliar  Phys. Rev. B 86, 195141 (2012)  

ORBITAL DIFFERENTIATION  

 



Theory:  H. Park , K. Haule and GK  

Phys. Rev. Lett. 107, 137007 (2011).  

L Harriger H. Luo M. Liu T. Perring C Frost 
H. Ju M. Norman and Pengcheng Dai  : 

PRB 84, 054544 



 Needed  absolute intensities  

f.m. in RPA calculation 

(U=0.8eV, J=0.2eV) 

Experiment by  Liu …Pengcheng Dai  

Large fluctuating moment can not be explained by a purely itinerant 
model- doping dependence different than in localized model.  

Understandable in the Hunds metal picture.  
and localized nature. 

Fluctuating moment by neutrons: 
29 

19 
Nature Physics 8, 376-381 (2012)  



Evaluation of S(q, ω) for many families	


Very small low energy intensity 

competing order at (0,0)! 

19 Z. Yin K. Haule and G. Kotliar Nature 
Physics Letters (2014) 



We can compute particle-particle vertex using  local irreducible objects. : 

have particle hole 

? 
want 

Z. Yin K. Haule and G. Kotliar 
Nature Physics Letters (2014) 



Pairing function  

Z.P. Yin, K. Haule, G. Kotliar,  Nature Physics Letters 2014 

( )kαβΔ •                     is 
diagonal 

( ) ( )k kαβ αα αβδΔ = Δ

•  Second nearest neighbor pairing dominates. 
Different combinations of the signs              of 

the (xz, yz, xy) orbitals produce different 
pairing symmetry on the Fermi surface.   

                   d-wave: (1, -1,  0)            

Kuroki - Mazin          : (1,  1,  1)  

A new antiphase        : (1,  1, -1) 

They are very close in energy and 
almost degenerate! 

S +−

,nnn αΔ

S +−

0 0 0
0 0 0
0 0 0
0 0 0

eg

xz

yz

xy

Δ⎡ ⎤
⎢ ⎥Δ⎢ ⎥
⎢ ⎥Δ
⎢ ⎥

Δ⎢ ⎥⎣ ⎦

  Δ(k)αβ=< dα(−k)dβ (k)>



Conventional vs antiphase orbital  
s+-  the case of LiFeAs  

Experimental Results from Review : Borisenko,S. 
V. et al Symmetry 4, 251-264 (2012).:  

Theory: Yin Haule and GK,  Nature Physics 
Letterss (2014) 
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Σ(k,ω) ≈ Σ(k)+ Rα ΣlocRRαβ (ω) Rβ
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Studying the d5   : the case of 
LaMnPO.    [ Mn analog of LaFePO]  

Observation of antiferromagnetic order collapse in the pressurized insulator LaMnPO  

Jing Guo, J. W. Simonson, Liling Sun, Qi Wu, Peiwen Gao, Chao Zhang, Dachun Gu, 
Gabriel Kotliar, Meigan Aronson, Zhongxian Zhao Sci. Reports 3 (2013) 2555  

From antiferromagnetic insulator to correlated metal in pressurized and doped LaMnPO  

J. W. Simonson, Z. P. Yin, M. Pezzoli, J. Guo, J. Liu, K. Post, A. Efimenko, N. Hollmann, 
Z. Hu, H.-J. Lin, C. T. Chen, C. Marques, V. Leyva, G. Smith, J. W. Lynn, L. Sun, 

G. Kotliar, D. N. Basov, L. H. Tjeng, M. C. Aronson  

 Proc. Natl. Acad. Sci 109, E1815-E1819 (2012)  



Landscape of Fe based SC  

J. Paglione and R L. Greene, Nature Physics 6, 645-658 
(2010). 

max ~ 65CT K
11 

122 
111 

1111 
32522 First discovery in 2008: LaFeAsO1-xFx, H. Hosono, JACS 130, 3296 (2/13/2008). 



 The 112 family 
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Phys. Rev. B 79, 060501 (2009) 

Shim Haule and Kotliar  



Thanks for your attention!    
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