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Strong correlations, where do they come from?

Solids have many particles. How do we deal with that?
HWY = EW

H= sz + V(X) —_— l~|—’(X)

H=h(x) + h(y) + h(z) — W(xy,z) = d(x) ly) (z)

h(x) d(x) = E, d(x) E=E,+E +E,

H= h(ry) + h(r,) + h(r3) +...  W(ry,r,,rs,...) = d(ry) d(r,) P(rs)...
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Strong correlations, where are them?
The TOE (in condensed matter)
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Let’s consider an orbital basis {¢,(r)} and evaluate <H>
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Self-consistent solution of an almost S. E.
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Bloch states

Wannier orbitals
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Hubbard model
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Main models of SCES

Hubbard model
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Kondo lattice model - Periodic Anderson model
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KOndo effect Do magnetic moments survive in a metal?

Kondo peak




Strong correlations, how do we notice them?

Optical conductivity
Ce;3Bi,Pt;
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Electronic photemission
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Complex electronic phase diagrams
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Strong correlations in oxides

The Metal-Insulator transition and the Hubbard model in DMFT



Map of the Transition Metal Oxides

‘ Band
Insufator ¥

@ 60

3

Fujimori

u/w
CaTio 3

1]
SITIO 3|

Y

—

© Mott
Band  © Insulator :
Insulator y ~al

Insulator YVO 3

y—
—

- //
“CaVO 3
SrvO 3—>‘/
VO ,
Metal
'ReO 3

MO, 703403

i

® metal
® oxygen
® rare earth



Correlation driven Metal-Insulator Transition

photoemission

spectra (DOS)
A. Fujimori et al. PRL ‘92
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The classic example: Mott transition in V,0;
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Phase diagram of V,0,
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What is the Mott transition?

a correlation driven metal-insulator transition
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cannot be obtained in band theory:
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The Hubbard model is a minimal model for the
metal — insulator transition
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Dynamical Mean Field Theory a cartoon

A. Georges, G. Kotliar, W. Krauth and MR, Rev Mod Phys ‘96

1) Take one site of the original lattice
2) Embed it in a medium (quantum impurity problem)
3) Determine the medium self-consistently
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Analogy with conventional MFT
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Quantum Impurity Solvers

Go ' (iwn) = iwy +«—— seed
¥
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Simplest of all QIS
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Metal — Insulator transition in the Hubbard model in DMFT
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k-resolved A(w) (=-1/7 Im[G]) ZO(r) = UFGo(n)]
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IPT tutorial

https://drive.google.com/drive/folders/
1dENgL58QO0WImMpRA2Mnw3TfrSCYR
3fkeg?usp=sharing

Hands-on excercise
Unix, Windows, Mac, Phyton
Source (original) fortran77


https://drive.google.com/drive/folders/1dENgL58Q0wImpRd2Mnw3TfrSCYR3fkeg?usp=sharing

DMFT of the Mott — Hubbard transition

A. Georges et al. RMP ‘96
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Phase diagram of V,0;
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Mott Transition as function of U/W

| f ] | ]
ol—
0 / Ug I W << 1
2l— 4
- £
2 o 5
= =
2| L
w
3
0 =
| J
0 A ‘ Y
) LY cohere;m W1
d'»d° \ YTl03 Ve !
L /\ T R
-4 ~2 ( Binding Energy (eV)

A Georges & G Kotliar, PRB ‘92
MR, XY Zhang & G Kotliar, PRL ‘93



Sr,.xCayxVO; photoemission... where is the gp-peak?
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Intensity (arb. units)

Heavy coherent quasiparticles and Incoherent Hubbard Bands

Coherent part
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Intensity (arb. units)
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Doping driven transition
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Multi-orbital Hubbard model

(degenerate band case)
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Cluster extensions
Dimer Hubbard model

Moeller et al PRB ‘99
Najera et al PRB ‘17



Out-of-equilibrium
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Universality of Mott transition under an electric field
Mottronics
Artificial neurons for Artificial Intelligence hardware
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Del Valle et al Nature ‘19

a l b
3 s BER ' Pmi-cm
4‘""' """ A""' """ oo % %
< < [ o
S ;: | S R
load
‘t < 14 ‘E T
3 3 \ 3 2 = |
4""" ""'L Jv‘v‘v ""' eee ‘% % # 1 o
< < < \'
< < | -
1 . - | ‘ 1
. . . | S \ “ : |
. . . 26-04 30-04 4e-04 5e-04 Ge-04 7e-04 B8e-04
t(s)
i ——
b3 g 3
4"‘"' 'A"‘L 4""' ""'L oo W % '
< < <
< < <
. _%, . |
. m n
4e+03 60403 Be+03
t (cycle)
Two states: MI— Mott insulator c s II‘“ d aof T RS
r L [ Q]
CM — Correlated metal = 10} = | =
n r = 7}
R R c DS = (7, i = 10~ - n
5+ 0-1 [ o“
M1 >> Rewm ; e S
Or:i fpe oL H:‘ oo IS
1e-04 1e-03 1e+01 1e+02 1e+03
I HH™ T (s) T (cycle)
Pyviisecm and Peoysyp  are transition probabilities ¥



-ImG

IPT tutorial

https://drive.google.com/drive/folders/

1dENgL58QO0WImMpRA2Mnw3TfrSCYR

3fkeg?usp=sharing
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Hands-on excercise
Unix, Windows, Mac, Phyton
Source (original) fortran77
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