Excitonic condensation of strongly correlated electrons
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Magnetism of ‘non-magnetic ions’

single atom energy spectrum:

magnetic multiplet __

ground state (S=0) ___
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bi-layer Heisenberg model

P. Merchant et al., Nat. Phys. 10, 373 (2014)




Excitonic insulator

“The first point that we must make about this model is that the
predicted continuous increase in the number of free electrons and holes
from the value zero is not possible. An electron and a positive hole will
attract each other ... the electron and hole will always, when in the state
of lowest energy, form pairs (excitons) ...”

N. F. Mott, Philos. Mag. 6, 287 (1961)
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Experimental proof of exciton condensation:
bilayers

layer 1

layer 2

from Rademaker, 2014
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J. P. Eisenstein and A. H. MacDonald, Nature 432, 691 (2004)




Exciton-polariton condensates

PHYSICAL REVIEW LETTERS 122, 017401 (2019)

Superradiant Quantum Materials

Giacomo Mazza'™" and Antoine Georgcs“""

T. Byrnes, N. Young Kim and Y. Yamamoto, Nat. Phys. 10, 803 (2014)




Outline

e Two-orbital Hubbard model: strong coupling
DMFT results
e Real materials (PrxR1-x)yCai.yCoO3

e How to detect exciton condensate?




Model set-up




2-orbital atom with 2 electrons
orbitals: e-e interaction: .’V\/\/\‘
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2-orbital atom with 2 electrons

[ orbitals: e-e interaction: .’V\/\/\‘
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2-electron configurations:
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2-orbital atom with 2 electrons

orbitals: e-e interaction:

- E()+A

QO.: — | Bo

2-electron configurations:

2Eo+U+2A
A=3J

2Eo+U+A-2J

High-spin state (S=1) 2Eo+U+A-3J

Low-spin state (S=0) 2E0+U




Crystal of 2-orbital atoms




Crystal of 2-orbital atoms
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No Coulomb interaction between neighbors => Hubbard model




Strong-coupling limit
(hard-core bosons)
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Crystal of 2-orbital atoms
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Crystal of 2-orbital atoms
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Crystal of 2-orbital atoms
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Strong coupling theory

Typical 2nd order hopping processes:

Effective Hamiltonian:

The new i particles are bosons and carry spin S=1.




Strong coupling theory

Fermion (electron) picture Boson (exciton) picture

low-spin lattice vacuum state
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Strong coupling theory

yrfnn (oloctraon) nicture

excitons are mobile !
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Boson (exciton) picture

vacuum state
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Mean-field theory for excitons
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Mean-field theory for excitons
MF phase diagram:

condensa'rlon Exciton condensate
(superfluid):

Ny

Normal state (T>0)

statistical mixture of vacuum ‘> and boson ‘¢> states
(n) >0, (dg)=0

low-spin ground state + thermally populated high-spin states
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Mean-field theory for excitons

MF phase diagram:

condensa'rlon Exciton condensate
(superfluid):

Ny

Condensate
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Mean-field theory for excitons

MF phase diagram:

condensa'rlon Exciton condensate
(superfluid):
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Back to fermions
(Dynamical mean-field theory)




Numerical results (DMFT) excitonic instability:




Hubbard model

Two-band Hubbard model at n=2 (half filling) A
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Hubbard model

Two-band Hubbard model at n=2 (half filling)
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local ph-irreducible vertex
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Polar excitonic condensate (half filling)

Order parameter
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Polar excitonic condensate (half filling)
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Polar excitonic condensate (half filling)

Order parameter
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Dynamical susceptibility
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Doping + cross-hopping

Vi=V; even cross-hopping
Vi=-V>  odd cross-hopping
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JK and D. Geffroy, PRL 116, 256403 (2016)
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Cross-hopping

Vi=V; even cross-hopping
Vi=-V2  odd cross-hopping
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Doping + cross-hopping
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Doping + cross-hopping
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Doping + cross-hopping
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Doping + cross-hopping
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Doping + cross-hopping
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Doping + cross-hopping
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Doping + cross-hopping
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Excitonic condensation in real materials

“Experience without theory is blind, but theory
without experience is mere intellectual play.”

Immanuel Kant




ﬁaCoOe. in high field: « positive dB./dT>0 \

zero magnetic field small magnetic field h<h, Iarge magnetic field h>h,

exitonic
dispersion
Zeeman Bose- Elnstem
vacuum splitting condensate

state

"Normal (LS) state" "Normal (LS PM) state" "EC state"

metal-insulator transition Tkeda et al., 2016; Sotnikov & JK, 2016
disappearance of Co moments

Pr3+ -> Pré%* valence transition
TR breaking without ordered /CazRuO4: e INS in the ordered state \

moments

.
a

Tsubouchi et al. 2002, 2004
Hejtmanek et al. 2010, 2013
Knizek et al., 2010, 2013

Q( & Augustinsky, 2014 /

EELS approaching instability \

Kogar et al., 2013/ \\Jain et al., 2015




cubic d¢ cobaltite (LaCo00O3): LDA+U results

Phase Spin density Order parameter EC phase |¢'| |¢"| E — Eo[meV/f.u]

A-phase 0.151 0.000 -13.32
B-phase 0.191 0.000 -20.39
C-phase 0.202 0.009 -22.81

00X
P = (-1)F (() 00 )
00 0
00 N
) =(-1)l 00 N
00 N

i N0 0 N0 0
S = (=) 0N O | +i| 0N 0O
/ 00 XN 0 0 )\

staggered

uniform

« Numerous excitonic phases are possible

« Rhombohedral distortion (real structure) suppresses excitonic order
 Spin-orbit coupling favors the excitonic order

J. Fernandez Afonso and JK, PRB 95, 115131 (2017)




Real LaCo00O3

Are IS excitation mobile? YES
Do they condense? NO

Co L-edge RIXS

AL Exp + Theory

E, T, T TUA,

_ 10 0.0
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Energy loss (eV)
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10 08 06 04 02 00
Energy loss (eV)

Wang et al. PRB 90, 035149 (2018)




Real LaCoOs

Are IS excitation mobile? YES
Do they condense? NO

Why not? formation of immobile bi-excitons IS+IS->HS

Why not spin state order HS-LS-HS-LS?

important question
HS = 1IS + IS 77?7




Real LaCoOs

Are IS excitation mobile? YES
Do they condense? NO

Why not? formation of immobile bi-excitons IS+IS->HS
Why not spin state order HS-LS-HS-LS?

important question
HS = 1IS + IS 77?7

Possible route to exciton magnet in cobaltites:

2D structure, e.g., (SrLa)>CoQOq4
=> smaller Eis-Ens




Exchange splitting in ProsCaosCo00Os

crystal structure: Pr#+ Schottky peak: T ProsCagsceo;

C,/ T (Jmol'K?)

Pro.63Y0.07Ca0.3C003

C, /T (Jmol'K?)
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N\

Ve

Kondo interaction of Pr moment with Co d-electrons:
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JK and P. Augustinsky, PRB 90, 235112 (2014)



Exchange splitting in ProsCaosCo00Os

crystal structure: Pr#+ Schottky peak: T ProsCagsceo;

C,/ T (Jmol'K?)

Pro.63Y0.07Ca0.3C003

C, /T (Jmol'K?)
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Kondo interaction of Pr moment with Co d-electrons:
in the condensate
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JK and P. Augustinsky, PRB 90, 235112 (2014)
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ProsCaosCo00Os

Order parameter:
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RPA calculation in ideal cubic structure 04}
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T. Yamaguchi, K. Sugimoto and Y. Ohta, JPSJ 86, 043701 (2017)



How to detect excitonic condensate (PEC)?

Similar behavior recently observed in INS experiment
on (Prl_yYy)l-xcaxCOO3

T. Mojoshi et al. PRB 98, 205105 (2018)

strong-coupling picture:
S, =did, —d ,d_,
=i(dld, — d!d,)
in the PEC phase:
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Conclusions

e Excitonic magnetism provides a rich field of new physics with
potentially interesting application

* Excitonic magnets have yet to be found (promising candidates exist)

e Experimental techniques for unambiguous identification of excitonic

condensate have to be established
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