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ROLE OF THEORY  3 



  

SCIENCE  :4 August 1972, Volume 177, Number 4047 
 
“The constructionist hypothesis breaks 
down when confronted with the twin 
difficulties of scale and complexity. The 
behavior of large and complex aggregates 
of elementary particles, it turns 
out, is not to be understood in terms 
of a simple extrapolation of the properties 
of a few particles. Instead, at 
each level of complexity entirely new 
properties appear, and the understanding 
of the new behaviors requires research 
which I think is as fundamental 
in its nature as any other.” 

Role of theory      
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Paul Dirac (1929) “The underlying laws necessary for the mathematical theory of  
the whole chemistry are thus completely known and the difficulty is only that the 
exact application of these laws leads to equations much too complicated to be 
soluble “  

“Approximate  practical methods of applying quantum mechanics should be 
developed which can lead to an explanation of the main features of complex 
atomic systems without too much computation”  

Role of Theory         
5 
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Role of theory, accelerate the pace 
of discovery  
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Works well for very weakly correlated 
materials, e.g. simple metals and insulators   

“Standard Model” of solids developed  in the 
twentieth century. Reference System:Free 
electron waves  in a periodic potential 
(Sommerfeld and  Bloch) .  

Why  can we even  contemplate now the possibility of 
material design (in weakly correlated electron systems)?  

Success   based on having a good  reference system 
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Band Theory.  Fermi Liquid Theory (Landau 1957).  

  
 Density Functional Theory (Kohn Sham 1964) 

−∇2 / 2+VKS (r)[ρ] ψkj = εkjψkj
Reference Frame for 
Weakly Correlated 
Systems.  

Starting point  for  perturbation theory in the screened  Coulomb interactions  

(Lars Hedin 1965) 

 

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

    
ρ(r) =  ψkj *(r)ψkj (r)

εkj<0∑

+ [                 -        ]KSVG0KS
−1G−1 =

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

…..   
4 
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Strongly  correlated electron systems.[ working definition]. 
Materials where the  previous paradigm fails . 

 Results in “big things”. Metal to insulator transitions,  
heavy fermion behavior,  high temperature 
superconductivity, colossal magnetoresistance, giant 
thermolectricity. Abnormal “ normal” state. Large 
resisitvities. 

The Kohn Sham system cannot  describe spectroscopic 
properties of correlated materials, because these  retain 
atomic physics aspects. Mottness, Hundness.  e.g. 
multiplets, transfer or spectral weight, high Tc’s  ) which 
are not perturbative    

NEEDED: a new reference system to describe correlated 
materials and compute their properties.   
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Quantitfy   correlations  and locality  

•  Chemist   
 
•  Physicist         

G(ω ) =
1

[ω +∇2 + μ −VHartree −Vcryst ]− Σ(ω )

Σ(ω )− ΣHartree−Fock

Σ(ω )−VxcLDA
large 

large 

“Locality” is defined with respect to a basis  

Σ(r,r ') =χ*
αR(r)Σ(iωn )αRβR 'χβR '(r ')  Zn < R,β Σ R ',α > < R,β Σ R,α >n

Challenge : Finding optimal truncations  to get right spectra 
and  total energies.  

Σ(k,ω) ≈ Σ(k)+ Rα ΣlocRR(ω) Rβ 10 

Vxc - Edc 



•   My definition of correlation is energy scale 
dependent, this is OK,,  we are always 
interested in some limited energy range. 

•   Large, or small, maybe property dependent.  
•    Large or small depends on the reference 

system. The chemist use Hartree Fock not LDA 
as the reference.  

•  “Static” correlations  Large k dependence of  
  
•  “Dynamic” correlations,  large frequency 

dependence on    
  

Σ −VxcLDA

Σ
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•  The chemists exchanged  terminology for  
“static” vs “dynamic’ correlation. 

•   In chemistry “static “ correlations, means that 
many slater determinants are needed to 
describe a state.  In chemistry “ dynamical “ 
correlations, mean that a slater determinant is 
OK, but the DFT  orbitals need improvement.  

 Cohen AJ, Mori-Sanchez P, Yang W (2008)  
Science 321:792–794 ( 2008) . 
 REFERENCE:  G. Kotliar Chapter 2, of the 
proceedings of DMFT at  25.  Pavarini et. al. 
editors.  Springer Verlag.  
http://www.cond-mat.de/events/correl14/ 
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Mean Field Theories Replace a many body problem by a single site 
problem in an effective medium reference frame 

  

   
− JijSi

i, j
∑ S j−h Si

i
∑ eMF offhH S= -

DMFT  

A. Georges and G. Kotliar PRB 45, 6479 (1992).  

DMFT self consistency  : medium 
to reproduce the exact (best )  local 
spectral function of the problem.  

Effective medium: quantifieds the 
notion of “ metallicity”  or itineracy  

− (tij + μδ ij )(
<i, j>,σ
∑ ciσ

† cjσ + cjσ
† ciσ ) +U ni↑ni↓

i
∑

† †
Anderson Imp 0

, ,

† † †
0 0 0 0 0 0

,

(  +c.c).   

 

H c A A A

c c Uc c c

V

c

σ ασ ασ ασ
α σ α σ

σ σ
σ

α

α

α ε

μ ↑ ↑ ↓ ↓

= + +

+

∑ ∑
∑

14 Gimp (iωn )[Δ]=  
k
∑ 1

[iωn+μ+ t(k)−Σimp (iωn )[Δ]]

14 

    
Δ(ω) =

α
∑ Vα

*Vα
ω−εα



Δ

G(k,iω) =
1

iω −εk −Σ(iω)
1 particle 

irreducible self 
energy

Two particle 
irreducible vertex 

function function f i

Quantum impurity model 
Generates irreducible 

and two particle 
quantities

Via Irreducible LOCAL  
quantities 

 

 

 

 

G(ω ) =
1

[ω +∇2 + μ −VHartree −Vcryst ]−Vstatic − ΣRαβ Rα ΣlocRR(ω ) Rβ

Atomic 
parameters and 
dc determined 

from 
constrained 
RPA or GW  

15 

LDA+DMFT. V. Anisimov, A. 
Poteryaev, M. Korotin, A. 

Anokhin and G. Kotliar,  J. Phys. 
Cond. Mat. 35, 7359 (1997) 

 

DMFT impurity model in self consistent 
medium. Embedding +Truncation 

A. Georges and 
G. Kotliar PRB 
45, 6479 (1992 

Formalism derived from functionals 



LDA+DMFT V. Anisimov, A. Poteryaev, M. Korotin, A. Anokhin 
and G. Kotliar,  J. Phys. Cond. Mat. 35, 7359 (1997). 

 

•   The light, SP  (or SPD) electrons are extended, 
well described by LDA .The heavy, D (or F) 
electrons are localized treat by DMFT. 

•  LDA Kohn Sham Hamiltonian already contains an 
average interaction of the  heavy electrons, subtract 
this out  by shifting the heavy level (double counting 
term)  
 Kinetic energy is provided by the Kohn Sham 
Hamiltonian (sometimes after downfolding ). The U 
matrix can be estimated from first principles of 
viewed as parameters.  Solve resulting model using 
DMFT.  
   See also  Lichtenstein and Katsenelson Phys. Rev. 
B 57, 6884 (1998) 16 



  

R. Chitra and Gkotliar  Phys.Rev.B62:12715 (2000). 

 S. Savrasov and G. Kotliar  Phys. Rev. B 69, 245101 (2004).   

  LDA+DMFT functional 

  

−Tr log[iωn +∇2 / 2−VKS−χ
*
αR(r)ΣαβRχβR(r)]−

∫ VKS (r)ρ(r)dr−
iωn

∑ TrΣ(iωn )G(iωn )+

∫ Vext (r)ρ(r)dr +
1

2∫
ρ(r)ρ(r ')

| r−r ' |
drdr '+ Exc

LDA[ρ]+

R
∑ Φ[GαβR]−ΦDC ΦΦ Sum of local 2PI graphs with local U matrix 

and local G 

Γ LDA + DMFT  [ ρ  (r)  G a  b  VKS(r) Σab]

Notice Explicit Dependence on : U , DC,  and Projectors  

[ Orbitals ], and Independence of basis set.  

VeVV xee t (r



  

For each choice of orbitals ( projector) there is a choice of 
ineraction U.  Localized orbitals, have proved to be 
transferable.  

A great deal of progress has been made to develop methods 
to solve impurity models over the last two decades.   
CTQMC  Review :  E. Gull A Millis A. Lichtenstein A. 
Rubtsov, M . Troyer, P. Werner Rev. Mod. Phys. 83, 349-404 
(2011) .  Talk by Andy Millis. 

 NRG  Review Ralf Bulla, Theo Costi, Thomas Pruschke 
Rev. Mod. Phys. 80, 395 (2008). Talk by K. Ingersent  

DMRG : Ulrich Schollwoeck  Annals of Physics 326, 96 
(2011)  . Talks  Friday .  
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How can we tell if  and when  a local approach  is OK ? 

Cluster DMFT Studies DCA  M Hettler  M. Jarrell H. 
Krishnamrthy et. al. Phys. Rev. B 58, 7475 (1998)   CDMFT 
kotliar et. al. Phys. Rev. Lett. 87, 186401 (2001).  

Compare  experiments with  multiple theoretical and 
experimental  spectroscopies 

Model Hamiltonians.  DMFT is exact in  infinite dimensions  
Metzner and Vollhardt PRL 62, 324 (1989)  Kinetic energy ~ onsite 
repulsion  

Kohn Sham self energy is local in space and time.  GW 
corrections brings spatial non locality from inscreened 
Coulomb interactions.  Mott physics rquires non locality 
in time.  

19 
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Model Hamiltonians and First 
Principles Methods  

Theory of everything  vs  Hubbard model  

Questions  to ask ? 

Model Hamiltonians spirit  qualitative issues common themes to many 
materials.  TOE is needed to answer what material does what.    



Mott Hubbard Mechanism and V2O3 
Hubbard Model Kinetic Energy~t vs  CoulombEnergy U  

 
Hatom =

1

2
U(N−1)2

(E(N +1)−E(N ))-(E(N )−E(N−1)) =U

X. 

Mott Insulator  U >> t 

Charge Blocking  

X. 

22 



  

  

T=170 

T=300 

23 

  
σ (ω )dω

0

Λ

∫ =  Neff  (T ,Λ)



Signatures of correlations: Optical conductivity.  
Plasma frequency increases with decreasing T. 

Baldassarre et.al 

 PRB 77, 113107 (2008) 

SW(T)= 

2
4 



More realistic studies of vanadium oxides within LDA+DMFT 
followed over the last decade, very incomplete list   

. K Held, G. Keller, V. Eyert, D. Vollhardt, and V. I. Anisimov, Phys. Rev. 
Lett. 86, 5345–5348 (2001). 
. G. Keller, K. Held, V. Eyert, D. Vollhardt, and V. I. Anisimov, Phys. Rev. B 70, 
205116 (2004). 
. A. I. Poteryaev, J. M. Tomczak, S. Biermann, A. Georges, A. I. Lichtenstein, A. 
N. Rubtsov, T. Saha-Dasgupta, and 
O. K. Andersen, Physical Review B (Condensed Matter 
and Materials Physics) 76, 085127 (2007). 
. J. M. Tomczak and S. Biermann, Phys. Rev. B 80, 085117 (2009). 
. L. Baldassarre, A. Perucchi, D. Nicoletti, A. Toschi, 
 G. Sangiovanni, K. Held, M. Capone, M. Ortolani, L. Malavasi, M. Marsi, P. 
Metcalf, P. Postorino, and S. Lupi, Physical Review B 77, 113107 (2008) 
•  Lo Veccchio et. al. Phys. Rev. Lett. 117, 166401 (2016)  
…….. 
 

2
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V2O3, the Bad Metal Problem 

ρ=
h

e2
a

1

lkF   ρ3d min <<125μOhm cm 

Bad Metal 
Problem 

26 
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2008 superconductivity in LaFeAsO1-xFx 

Hosono et.a.., Tokyo, JACS (2008) 

Address Predictive power of state of the art methods  f  Address Predictive power of state of the art methods of
 

Predictive power of  realistic DMFT and its extensions, LDA+DMFT .  

3 

 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  electrons  F,  d7  

28 
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Weak correlations  ? Itinerant magnets ?  

29 29



Early DMFT predictions 

Importance of correlations

Mass enhancement 3-5 

Unconventional SC 

Phonon Tc<1K 

Parent 
Compound is 

a (bad)semi- 
metal. 

5 active d orbitals 30 

M. M. Qazilbash 
et. al. Nature  

Physics 5, 647 
(2009)  

 



LDA value 

U=5e
v 
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Hund’s metals come out of the closet! 

Annual Reviews of Condensed Matter Physics 4, 137-178 (2013 

Antoine Georges, Luca de' Medici, Jernej Mravlje 
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Hundness 101 

d5->d6 

d5->d4 

U+4 J  

d6->d7 

d6->d5 
U-J 

VanderMarel  Sawatzky 

J survives in the solid U is 
screened 

 PRB 37 , 10674 (1988) 33 

 
Hatom =

1

2
U(N )2−

1

2
J(S)2

E(N +1)+ E(N−1)−2E(N )
N= 5, U+4J  N=6, U-J 

Friedrich Hund 



    

Extreme low energy  Kondo impurity scale 

                   J. R. Schrieffer 
J. Applied Physics 32 , 

1143 (1967) 

34      
HKondo =

kα,βk '
∑ Jαβdα

+σdβ .cαk
+ σcβk '

  

Jαβ = J

Jαβ = Jδαβ     

TK = e
−

1
ρJN

TK = e
−

N
ρJ

TK depends  strongly on filling ! 



Hunds metals: correlations without satellites – 
localized magnetism at intermediate scales  

without spins Ba 122.    

35 Theory: H Park. K. Haaule  and GK   Phys. Rev. Lett. 107, 137007 (2011) 

Many experiments.  

A. Kutepov, K. Haule, S.Y. Savrasov, G. 
Kotliar, Phys. Rev. B 82, 045105 (2010).  



Hundness 102  RG Eq for the Hunds metal.  C. Aron and GK 
PRB 91, 041110 (2015) see also A. Tsvelik PRB (2014) 

FERROMAGNETIC SIGN! 
Intermediate 
assymptotic  

multichannel fixed 
point K=2.N 

Flow to fermi 
liquid fixed 

point 

is delayed 

for a  long time 

 

36 

36 

for a  long time o

Schrieffer’s puzzle of Tkondo vs nd finally solved!!! 



Hundness  (102) :Transmuting atoms into 
quasiparticles,   Orbital-Spin Separation  

37 

 Z. Yin  K. Haule and GK Phys. Rev. B 
86, 195141 (2012)  

Weak coupling RG analysis, involving 
Spin, Orbital and Spin-Orbital degrees 
of freedom  C. Aron and G. Kotliar 
PRB 91, 041110 (2015) 

K. Stadler Z. Yin J. von Delft G. Kotliar 
and A. Weichselebaum  Phys. Rev. Lett. 
115, 136401 (2015) 

 Origin of aparent power laws.  

The DMFT self consistency is NOT 
essential to understand Hundness! 

( unlike Mottness which is driven by it!)  

ng gEnergy  Scale 

Λ 

Log(Λ) 

Tkorb 

Tkspin 

Atomic Degrees 
of freedom 

Landau 
QP 



NRG:  Stadler et. al. Manifestations of Hundness. 
Power law  in the self energy on the Matsubara axis.  

 Orbital Spin Separation. Aparent exponents in the hole doped 
side or the self energy.  

½ power law  in self energy Werner P, Gull E, Troyer M, 
Millis AJ. 2008. Phys. Rev. Lett. 101:166405. 

Apparent Non Universial powers Yin Kotliar.  Z. Yin K. 
Haule and GK Phys. Rev. B 86, 195141 

38 



39 

Experiments Theory (DFT
+DMFT) 

1 '' ' '

1( ) Re[ ]
( ) ( ) ( 0)i

σ ω
ω ω ω ω

∝
+ Σ +Σ −Σ =

1( ) ~ ασ ω ω−
'' ( ) αω ωΣ ∝ −

ZPY et al., PRB 86, 195141 (2012). 
a is orbital and 

material dependent, 
not necessarily 1/2.

Self-energy at intermediate energies: Fractional power-law behavior. Old puzzle optics in 
ruthenatesL. Klein, J. S. Dodge, C. H. Ahn, G. J. Snyder, T. H. Geballe, M. R. Beasley, 

and A. Kapitulnik, PRL  77, 2774 (1996)  
 



OPTICAL SPECTRAL WEIGHT DECREASES 
WITH DECREASING TMPERATURE! 





angle 

Overal trend consistent with Fe-As distance  

Landscape of Materials: Yin Haule GK Nature 
Materials (2011)  

Hybridization with pnictogen 

Tendency to 
orbital 

differentiatio
n as 

correlations 
increase.  

42 



usually larger, but not  

when pnictogen height large! 

Destructive interference leads to kinetic frustration! 

Effective low energy hoppings 

+ - 

- 

- 

+ 

+

- 

xy orbital,  kinetic frustration and FeTe 

43 

Yin ZP, Haule K, Kotliar G. 2011. 
Nat. Mater. 10:932-935. 



 Neutron  absolute intensities  

f.m. in RPA calculation 

(U=0.8eV, J=0.2eV) 

Experiment by  Liu …Pengcheng Dai  

Fluctuating moment by neutrons: 

44 



Spin Fluctuation Spectrum, ZYin  K Haule and 
GK et. al. Nature Physics (2014) 
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LiFeAs H. Miao et. al.. PRB 
89, 220503(R) (2014) 46 

Yin Haule and GK  (2012) 

Phys. Rev. B 86, 195141 

46 



Model ARPES:  3 band  Hubbard model, no crystal fields!!! 



Landscape of Fe based SC  

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

The image cannot be displayed. Your computer may not 
have enough memory to open the image, or the image 
may have been corrupted. Restart your computer, and 
then open the file again. If the red x still appears, you 
may have to delete the image and then insert it again.

11 
122 

111 
1111 

32522 33333333333333222222222222255555555555555222222222222223333333333333322222222222222555555555555522222222222222First discovery in 2008: LaFeAsO1-xFx, H. Hosono, JACS 130, 3296 (2/13/2008). 

Theoretical understanding: iron pnictides as Hunds metals.   

Various properties were predicted using LDA+DMFT !

48 
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 The 112 family 

4 

Phys. Rev. B 79, 060501 (2009) 
Inspired by solid state  chemistry  

literatureYu et. al. , Intermetallics 20, 176 (2012). 

M. Brylak, M. H. M oller, W. Jeitschko, J. Solid State Chem. 115, 305 (1995

 

Shim Haule and Kotliar  
49 
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Search for TM in  the 112 structure. 
 [FeAs][CaAs]-[MnBi][SrBi] 

51 



52 

Chang LIu 

Phys. Rev. B 93, 054522 (2016) 
52
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Σ(k,ω) ≈ Σ(k)+ΣRαβ Rα ΣlocRR(ω) Rβ 54 
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Real Space  .  Ba 2+  O3 6-  Bi 4+  
 
  
 Bi  6s2 6p3   Bi 4+  1 sp electron per 
site. 
Valence skipping. Bi4+   
disproportionates to Bi3+ and Bi5+  , 
Pb substitution.   Empties  band  
“Pb4+ =Bi 5+”  
 

Bi4+(sp)1 

(sp)1 

(sp)0 Bi5+ 

(sp)0 

Sleight et. al (1975), Cava et.al. (1988) 

56 56 



Our proposal: the  correlation  enhancement of l relative to its LDA  estimate is 
responsible for superconductvity in BaKBiO3 (l ~ .1 ) , Occurs in many other systems 
close to an insulating state.  This is what charcaterizes the “Other High Temperature 

superconductors”. HfNCl, Borocarbides, Bucky Balls.   

 Anomalous  optical conductivity in the metallic 
region  can be understood within DMFT   l ~ .1 .  

R. Nourafkan F. Marsiglio and GKRev. Lett. 109, 017001 (2012). 

57 



Valence Sikppers: Ruddleser Popper series An+1 Bn O3n+1   

From 3d to 2d  

but no Tc 
Cs2 Au2Cl6  has 
been metallized 

under pressure   no 
SC 

58 

58 



From existing materials to new materials 
•   Analogous to BaBiO3, same valence electrons 
 
                                  
                                 CsTlCl3 

•  Starting from CsAuCl3 
      weak phonon coupled bands near  
Fermi level 
      strong phonon coupled bands at  
about 3 eV above Fermi level  
     needs to move Fermi level such that  
the strongly phonon coupled bands  
operating at phonon energies.  
    2 electrons/f.u. is needed,   Au(#79)  Tl (#81)    

Candidate materials:CsTlCl3,  

generally ATlX3, where A=K, Rb, Cs; X=F, Cl, 
Br 

Ziphing Yin  and G. Kotliar, EPL 101, 
27002 (2013). 

2 3 ,5 2
3Ba Bi O+ + + −

1 1 ,3 1
3Cs Tl Cl+ + + −

59 



The  materials are not in the ICSD database 

The parent compound should be  easy to make 

It should be hard to dope  

60



Two phases 

One tetragonal  the other cubic 

 

Charge ordered  mixed valent 
Insulator,  value of  gap~ 2 ev   

correctly predicted 

by the theory. 

90 120 150 180 210 240 270 300

0.0
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)

T(K)
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160 K

Chemistry of Materials 25 (20), 4071 
(2013). 

Attempts to dope were 
unsuccessful so far… 

Good topic for discussion!  
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Plutonium Metal 
•  Multitude of  phases, many elastic anomalies 
•  Thermodynamic  and   transport and 

spectroscopic    anomalies .DMFT approach, 
(Savrasov, Kotliar, Abrahams,  Nature ( 2001).  delta Pu 
mixed valent strongly correlated metal.   
Predicted coherence scale   Tk ~ 800 K ~ 65 mev   
( Shim Haule and Kotliar Nature Nature 446, 513  
(2007).  

63 



    Photoemision Magnetism  
 Havela et. al.  Phys. Rev. B 
68, 085101 (2003) 

 

  

Pu is  non magnetic – Cm is magnetic TN ~ 150 K.  

K.Haule  J. Shim and GK Nature 446, 513 (2007)  
64 
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Need to probe 
excited states 

with better 
resolution.  





Conclusions  
•   DMFT   self consistent Quantum Impurity Model: 
NON GAUSSIAN reference frame.  
•   (Dynamical) mean field theory   gives a zeroth order 

picture of  strongly correlated materials.  
•  Focused mostly  on the normal state.   
•  Two distinct routes to strong correlations: Mott vs 

Hunds.  
•  Temperature dependent  electronic structure.  
•   Reorganization of the degrees of freedom is non 

local in energy.  
•   Clear progress in the field of correlated electron 

systems.  

68 
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Perspective: phonon mediated Tc 

69 

BCS theory   

DFT framework 

Practical implementations, 
linear response, user friendly 

codes, fast algorithms for 
structural optimization, etc Tc (K) 

Year 

Li, Y., et.al ,J. Chem. Phys. 140, 040901 (2014) 

A.P. Drozdov et.al Nature 525, 73–76 (2015) 
H3S@180GPa 

  “BCS tells us everything but finds us nothing.”, Berndt Matthias 
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 Disorder in optimizing Tc  
in the presence of CDW correlations 

TaSe2 TaS2  archetypical CDW material, low Tc ( Tc < .1 K) s Mixing 
them raises Tc  by an order of magnitude  to 4K.  

 T. Smith et. al. J. Phys. F: Metal Phys. 5, 1713 (1975).  

Homework: 

 

Find Other 
Examples  using 

the tools you learn 
in this school.  
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Thank you for your attention!!! 


