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O Correlated electrons—what are they, and why are they interesting?
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“Correlations™: a not so serious analogy

low density = nearly independent people
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Band theory

Interacting
many-body
problem : vl
", " # Electrons in
" “time-averaged”

potential
A

Why does this work?

* Large kinetic energy = large bandwidth W
* Screening reduces bare Coulombto V,_

» W>V__ > one energy scale dominates!




Correlations: a question of orbitals

e extended orbitals: stronger bonding
e diamond: sp3 covalent bonding

e orbitals with | =n-1
most localized
* in particular: 3d, 4f
e participate less in bonding

* more atomic-like characteristics

- V.. /W not small > competition
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Correlated electrons—phase diagrams
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O Dynamical Mean-Field Theory (DMFT)
O a cartoon
O a few equations

O applications that (nowadays) are simple



Correlated electrons & DMFT in 1 slide

t ~ U = competing energy scales

Hubbard model

H=-) prioRR CL,UCRIJ + U ) R "RANRY

/Long time scales (= low energy)

Short time scales (= high energy)

-

Delocalized = quasi-particles, “band theory” (t >>U)

Localized = atomic characteristics (U >>t)

~

/

effective mass k not conserved: finite lifetimes

m*/m > 1

D(E)

v




Correlated electrons & DMFT in 1 slide

Hubbard model

H = - ZRR’O‘ tRaR'cL,O'cR’U +U ZR NR1IMR|

/Long time scales (= low energy) \

Delocalized = quasi-particles, “band theory” (t >>U)

Short time scales (= high energy)

. 'I v \ Localized = atomic characteristics (U >>1) /
Aw) " i

effective mass k not conserved: finite lifetimes
m*/m > 1

hybridization function
= dynamical mean-field

D(E) |

N ‘& ' =» Ly

Dynamical mean-field theory (DMFT)

[Vollhardt & Metzner, Georges & Kotliar 1992] > k > E > E




cf. classical mean-field

Hamiltonian H = — Zij Ji;8iS; —hY, S;
local observable mi = (S;)
single-site

reference system

Weiss field pelf

: i !
self-consistency peff = Zj J'i,jmj +h

solution tanh(ﬁheff[m]) —



cf. classical mean-field

U A(w)
¢ =)
Gimp(w)
—
Hamiltonian H=— Z"’J JZJS?,SJ —h Zz S’L = —t Zzga 10 jO' + U Z N1
local observable L , g — T
mi = (S;) Gii(1) = —(Trc,;(1)c;(0))
single-site . . . 8 A
reference system HelP = —petl s S = decT (_E + H),. ) ¢ + Udrnyn,
+dede’CT(T) (tr—71")e ()
Weiss field pelf A(w)
self-consistency peff L Zj Jiym; + h Gimp (W) L Gii(w)

solution tanh(Bheff[m]) =m effective Anderson impurity model



Spectrum & self-energy 2. G(k.7) = — (Tre, (r)e(0))

hv /
G(k,w) = [w+p—e — S(w)] ™ |
Ekin
| £ : _ _l I'm?2; renormalized
spectral Tunction o (w — € — Rez)Q + (Imz)Q “Lorentzian” Photoemission
spectroscopy
* no correlations: Y(w) = —i0™"

* Fermi liquid: Y(w)=(1-ZYHw —iB(w? + (rkpT)?) + O(w?)

(ZIm> /) |

Z "
(@—Ze 2 +(ZImo 2 -

binding energy
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Spectrum & self-energy 2. G(k.7) = — (Tre, (r)e(0))
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Ekin
| £ : _ _l I'm?2; renormalized
spectral Tunction o (w — € — Rez)Q + (Imz)Q “Lorentzian” Photoemission
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* no correlations: Y(w) = —i0™"

* Fermi liquid: Y(w)=(1-ZYHw —iB(w? + (rkpT)?) + O(w?)
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binding energy



Spectrum & self-energy 2. G(k.7) = — (Tre, (r)e(0))

hv /'
Glhw)=[w+p—e —X(w)] ™ .
Ekin
tral § " _ _l Im>. renormalized
spectral tTunction T (w — €) — ReZ)Q + (Im,Z)Q “Lorentzian” Photoemission
spectroscopy

* no correlations: Y(w) = 07t
* Fermi liquid: Y(w)=(1-ZYHw —iB(w? + (rkpT)?) + O(w?)
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DMET for the Hubbard model =~ Zrwlweenen,
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DMFT for the Hu
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Limits in which DMFT is exact

* non-interacting limit U =0 — X =0

e atomic limit t=0 — A=0

— non-perturbative: all irreducible diagrams
- “interpolates” between weak and strong coupling
* infinite dimensions/connectivity

[Metzner & Vollhardt, PRL 62, 324 (1989)]
[Muller-Hartmann, Z. Phys. B 74, 507 (1989)]
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[G. Kotliar & D. Vollhardt, Physics Today 3, 53 (2004)]



Breakdown of band-theory: YTiO,

e distorted perovskite
e Ti3d!
* 4 formula units/cell

[Fujimori et al. PRB 1992]
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DFT: YTiO; a metal [ reality: a (paramagnetic!) insulator ]
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YTiO5: a Mott insulator (NS

%Iarge U/t = quasi-particle weightZ=0 (m">0)
H 1 /
Ti3d qi qi é [Pavarini et al, NJP ‘05, Fujimori et al, PRB‘92]
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Outline

OPEN ACCESS
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| Topical Review

Thermoelectricity in correlated narrow-gap
| semiconductors

i Toisicicali [Phys.: Condens. Matter 30 183001 (2018)]

& [JMT arXiv:1904.01346]
& [JMT arXiv:1908.00840]

O DMFT for the Kondo insulator Ce;Bi,Pt,



Band theory “U=T=0"

E [eV]

2.0

1.0

0.0

-1.0

-2.0

periodic Anderson model

Energy [eV]

V.>0. T - 1 H:ZEkcLacka—l_efo’
i /\S 1H ko 1o
[ 1 L [ R o
0 /2 n 3m/2  2m
(k,k.k)
A, 4~ 130meV
45 I ) ! v
“or ' T Cesd
. . - Le- -
~ 35 : — Pt-5d
> 30 F total : 1 — Bi-6p N
= 25 : 1
wn 20 P ‘ “
@) . -
10 f \ ,
> EANNAWAIAA A Laaiooe
-2 -1 0 1 2 3
w [eV]

TR

p
!

#lm CesBI,PL;

o &0

jafia—i_VZ(clT{afko+fliacka)+U - 2.0 V .: 0. T n 1
ko /\S ]
1.0 | 4[]

2 ool ™ 1 os

-1.0 / \ ]

-2.0 4 1 1 2 0
0 /2 n 3n/2  2n

(k,k,k)

r
& [JMT arXiv:1908.00840]

[JMT: J. Phys.: Condens. Matter 30 183001 (2018)]



Band theory “U=T=0"
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P sy ety

DMFT “U>0": spectral properties Cé'};m}ﬁ Ce,Bi,Pt;

& GO/—O

[JMT arXiv:1904.01346]
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L Ce,Bi,Pt,

-~ o

DMFT “U>0": spectral properties

[JMT arXiv:1904.01346]
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DMFT “U>0": spectral properties

[JMT arXiv:1904.01346]
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DMFT “U>0": spectral properties

[JMT arXiv:1904.01346]

\\/4'; N £
L v \ - ‘ [
i .'. ‘ i o R b _'.
H P [ H N P B
* incoherence-to-coherence crossover 4

* gap renormalization (m*/my.; = 1/Z~10) v



DMFET: charge & spin observables
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Summary
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» dynamical mean-field theory [ 1] Lk
. . loc
* many-body renormalizations: m*, lifetimes ¢ ¢ . ¢ o ‘H<’:A§(°).
* excited states ¢ o oo 2(w)
* finite temperatures oo o0 ; v
- - N N\
» introductions to DMFT e 0
* A. Georges: AIP Conf Proc 715, 3 (2004) [arXiv:cond-mat/0403123]
* Juelich School Lecture Notes: www.cond-mat.de/events/correl18/ N TR
§4= .....
. . . . . . E ) s /* Theory Bucher et al. ]
> publlc codes (with wien2k interfaces, e.g., wien2wannier) 3 \/ — ek 7 o
* w2dynamics [Wuerzburg+Wien] ol T - W
* DFT+Embedded DMFT Functional [K. Haule, Rutgers] = Ce3Bi4Pt3 o e 1
* TRIQS [O. Parcollet et al, Paris] [arXiv:1904.01346]
e ALPS [Switzerland], ... [arXiv:1908.00840]
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