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What are materials made of?
Around 2600 years back: Kanada and Democritus

                                               ATOMS!

Space, time!



From Electrons to Atoms!

Walter Kohn, Landau : electrons! 

Mott, Peierls, Van Vleck, Anderson, Hubbard  and Chemists know it!

T M Rice, 1980



From Electrons to Atoms: continued …..

T M Rice, 1980

Atomic correlations matter! How obvious is it?



From Electrons to Atoms: From Fermi gas to atomic multiplets
For most T and P: quasi-particles (Thanks to Lev Landau) are long lived

Large Fermi energy/quasi-particle coherence scale



From Electrons to Atoms: From Fermi gas to atomic multiplets
Some T, P, dopings: quasi-particles are absent

No Fermi energy/quasi-particle coherence scale -Atomic Multiplets

Most materials are in-between these two-extremes : small enough 
quasi-particle coherence scale  and atomic like excitations



From Fermi gas to atomic multiplets : Do we see them?

Fujimori et al, PRL 69, 
1796 (1992)

 d1 TM configuration



From Fermi gas to atomic multiplets : Do we see them?

Fujimori et al, PRL 69, 
1796 (1992)

 d1-d0  transition-----LHB--- not a 
band, rather an atomic transition 
broadened by solid state env. 



From Fermi gas to atomic multiplets : Low energy and high energy !

Fujimori et al, PRL 69, 
1796 (1992)

 Band theory does not explain the 
spectral weight at rather high 
energies----atomic correlations ---
the peak at -1.5 eV is there for 
both metals and Mott insulators: 
correlation and atomic physics 

matters in metals too 
Band theory—can it explain low 
energy physics though?



From Fermi gas to atomic multiplets : Low energy and high energy !

Fujimori et al, PRL 69, 
1796 (1992)

 Low energy quasiparticle 
coherence scale (z = m/m*) needs 
to be rescaled by a factor of 2 from 
band theory calculations ---one 
would imagine it could driven to 0 
by continuosly making it narrower

Sekiyama et al.,  
PRL 93, 156402 
(2004)



Theory for explaining high and low energy physics

P Fazekas, Notes on Electronic Correlation and 
Magnetism

But then what happens to the rest of the 
spectral weight? Where do they go?



Theory for explaining high and low energy physics

P Fazekas, Notes on Electronic Correlation and 
Magnetism

But then what happens to the rest of the 
spectral weight? Where do they go?



Theory for explaining high and low energy physics

A Georges 

But then what happens to the rest of the 
spectral weight? Where do they go?



DMFT: How does it work?



DMFT: When does it work?

A Georges, DMFT at 25



A Georges, arxiv 2004

DMFT:  Let’s simplify one step further



Need to build the impurity Hamiltonian and the hybridization of the impurity with the bath

DMFT in our implementation

Pisanti, Thesis, 
KCL



QSGW                                                                 LMF PROJECTIONS 
                                                                     
                                                                     
                                                                                                 DMFT 
                                          
                                                                                         (Local Self Energy)    

                                                           (Internal Charge self consistency)                                    
                    

(External Charge self 
consistency/ Self energy)

           DMFT Self Consistency: in our implementations 



Systems with TN < Δg : Magnetic ordering is not source of Metal-Insulator transition

La2CuO4 : TN = 312 K (26 meV), Δg = 2.1 eV

YTiO3 : Tc = 30 K (3 meV), Δg = 1.0 eV

LaTiO3 : TN = 140 K (12 meV), Δg = 0.2 eV

Δg    > T > J  these systems are paramagnetic insulator

------ Don’t need magnetic ordering to become insulator
------ Mott insulators  ----- charge blocking---suppress double
occupancy



Cu-dz
2, O-pz and Cu-4s

 are suppressed significantly in 
QSGW 

Cu-dz
2, O-pz and Cu-4s

 are huge in LDA 

Swagata Acharya et al.,
Phys. Rev. X 8, 021038 (2018)

Hyowon Park PhD thesis, Rutgers Lib. (2012)

Single and two-particle response in La2CuO4



Single and two-particle response in La2CuO4

Swagata Acharya et al.,
Phys. Rev. X 8, 021038 
(2018)
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Single-particle response in doped La2-xSrxCuO4

X=0.02

X=0.06



Spin and Charge Suscpetibilities in La2CuO4

Swagata Acharya et al.,
Phys. Rev. X 8, 021038 (2018)

Hyowon Park PhD thesis, Rutgers Lib. (2012)



Single and two-particle response in La1.88Sr0.12CuO4

h in (h,0.5,0) h in (h,0.5,0)

290 K 145 K



Experimental Phase Diagram : Ca2-xSrxRuO4

S. Nakatsuji et al. PRB (2000).

Carlo et al., Nature (2013)



Outstanding issues at x = 2.0 

• Incoherence-coherence crossover at 25 K
  Resistivity crosses from ~T to ~T2   

Susceptibility crosses from T -1(Curie-Weiss) to T0 (Pauli)

S. Acharya et al. Scientific Reports 7, 43033 (2017)

Instabilities of a FL : triplet unconventional superconductivity 
(below 1.5 K)



Single-particle Response of Sr2RuO4

41 K : Scattering rate ~T to ~T2 crossover
30 K: Resistivity ~T to ~T2 crossover (Maeno et al. 2004)

S. Acharya et al. Scientific Reports 7, 43033 (2017)



Thermal Scaling of Local Spin Susceptibilities

Critical thermal scaling collapse of 
dynamic local spin susceptibilities 

Braden et al. 2002 (PRB)

S. Acharya et al. Scientific Reports 7, 43033 (2017)



Two-particle Response: Sr2RuO4

Local moment quenches around 25 K 
Charge susceptibility is singular down to 12 K 



Phase diagram for the iso-electronic 
series Ca2-xSrxRuO4 

L-Pbca,
a=5.3869 A 
b=5.6334 A 
c=11.7349 A .

 I41 /acd, a=7.52 A  and 
c=24.1645 A 

( I4/mmm a=3.8606 A, 
c=12.70658 A

S.Acharya et al. JPC, 2, 075004 (2018), 



Local Static Spin Susceptibilities: x = 0, 0.5, 2.0 

X = 0.0

X=0.5

X = 2.0

S.Acharya et al. JPC, 2, 075004 (2018), 



Scattering rates: FL and NFL

FL to NFL crossover 
across 40 K for X = 2.0

Nearly incoherent 
spin-frozen state x= 0.5

S.Acharya et al. JPC, 2, 075004 (2018), 



Uniform Spin Susceptibilities: x = 2.0, 0.5, 0.0

X

X = 2.0
AFM

X = 0.5
FM

X = 0.0
AFM



Spin susceptibility 

Inelastic neutron 
scattering shows strong 
peaks at incommensurate   
  q = q* = (0.3, 0.3, 0)  
with ωmax≈10 meV .

QSGW+DMFT result for χs  
is nearly identical. Peaks 
do not derive from the 
nesting as in Cr: proper 
treatment of vertex is 
essential!

P. Steffens et al,
arXiv:1808.05855 arXiv:1811.05143



Valence fluctuations: Atomic Multiplets

Shim, Kristjan, Gabi, Nature volume446, pages513–
516 (29 March 2007)

Plutonium is in ideall f5 state and curium is f7 state



QSGW+DMFT+BSE

QSGW(low level theory, all electron bath) (long range Coulomb interactions treated perturbatively but 

nearly sufficiently!)
 

What diagrams 
missing?

Ladders in charge (e-h) + spin fluctuations ( local        +        non-local)

Brian’s QSGW+BSE (ladders in W, sc)

QSGW+DMFT+BSE

QSGW+DMFT (CT-QMC)
( high level theory, only 

subspace)

 (high level theory, all electron)

Lattice parameters, 
atomic co-ordinates

Spin,charge,sc-pairing
Susceptibilities, 
gap symmetries



What you don’t expect from DMFT

Single-site DMFT does not have --Momentum dependent incoherence---
ImΣ(ω)  ---- one needs momentum dependent life time effect –ImΣ(k,ω)----Dual Fermions, Cluster 
DMFT. Diagrammatic QMC
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