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# Outline

Photo-doped states in the Hubbard model

n-superconductivity in the photo-doped Hubbard model

Photo-induced evaporative cooling

Comments on driven systems



# Methods
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# Methods

non-equilibrium DMFT ++  strong correlations: NEGF embedding
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Thermalization of the double occupancy
after (pretty much any kind of) excitation:

d(t) = d(Teg) + Ae /7

|

T.¢ determined by total energy

Eckstein & Werner, PRB (2010);
Sensarma et al. (2010)
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# Lifetime of photo-doped states
[time] = 1/hopping
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# Lifetime of photo-doped states
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# Photo-doping Golez et al., PRB 2019, arXiv 2019

Few % charge transfer can substantially modify electronic structure: |
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# Photo-doping Golez et al., PRB 2019, arXiv 2019
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Shift (mean-field + dynamical screening
strong broadening (activation of scattering)

Band shifts: “time-dependent U”, thFT, Tancogne-Dejean, Sentef, and Rubio (2018).



# Photo-doping: Hidden states Li et al., Nature Comm 2018

Dynamics of inter-twined orders? “Hidden states”




# Photo-doping: Hidden states Li et al., Nature Comm 2018

Dynamics of inter-twined orders? “Hidden states”
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# Steady state representation of photo-doped states
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# Steady state representation of photo-doped states
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(usually numerically costly) Non-equilibrium steady state
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Temperature and “photo-doping”™?




# Steady state non-equilibrium Green’s functions

Non-equilibrium steady state: time-translational invariance
no fluctuation dissipation theorem
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Keldysh formalism:

G(w) = Go(w) + Go(w)E(w)G(w)
1 Interaction self-energy
External bath

NESS - DMFT (strong coupling impurity solver)



# Steady state non-equilibrium Green’s functions

Non-equilibrium steady state: time-translational invariance
no fluctuation dissipation theorem

dissipation + continuous driving
—ilc(®)e@ )W =G, t) = GZ(t —t) & G (w) = —iA(w)(1 — F(w))
deliici=C it =G =) G (Wwi=tAlwEw

Keldysh formalism:

G(w) = Go(w) + Go(w)E(w)G(w)
1 Interaction self-energy
External bath

NESS - DMFT (strong coupling impurity solver)



# Photo-doping by bath

Non-equilibrium steady state: Two bath coupled to every site of the lattice:

e = HSystem_l_Z Z [/de ( ) (el (w) +h.c.)
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# Photo-doping by bath

Non-equilibrium steady state: Two bath coupled to every site of the lattice:

Hout
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e = HSystem_l_Z Z [/de ( ) (el (w) +h.c.)
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State characterized by two state variables:

Temperature, double occupancy (photo-doping)




# Phase-diagram of photodoped system
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# n-pairing superconductivity
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# n-pairing superconductivity

Hubbard model on a bi-partite lattice H = Z cwcjg + U Z (PN LA
(,),0 2

SU(2)s symmetry SU(2)c symmetry Yang, PRL 63, 2144 (1989)
S o . mf = e 1)
S; :CLCJT ( i) n; :g 1Y ¢jieim ( 0) >
Sj = %(nﬂ — ;1) ;=5 —1)
Antiferromagnetism Long-range u-pairing: (77]+> = A

=> Staggered phase Superconductivity

(special excited state on bipartite lattice,
where 7-pairing is conserved)

n-SC in attractive U: Rotating CDW SC, Dissipative state engineering
Kitamura and Aoki (2016), Sentef et al (2017) Bernier, Kollath (2016), Tindall et al (2019)



If n-pairing superconductivity
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T ~ t%wp/[] e ~ t%mp/U Rosch et al, PRL (2008)



# n-pairing superconductivity

Inverse temperature

Only singly AFM > n | Only doublons
occupied sites - & holes

H" =" JexS;i- S

a7 Heﬁ:_zJexni'n]“
ij

(i)
Rosch et al, PRL (2008)

wpis
0 0.1 0.2 0.3 0.4 0.5

Photo-doping (doublon and hole filling)




# n-pairing superconductivity

inverse temperature
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= Use photo-excitation to “over-populate” doublons?

finite size simulations: Enhancing of #-correlations Kaneko et al, PRL 2018
Pumping doublons d>1/4 by driving: Peronacci, Schiro, Parcollet arXiv 2019
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# Phase-diagram of photodoped system

n-Pairing susceptibility in NESS:
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# Phase-diagram of photo-doped system

Phase-diagram of photo-doped Hubbard model
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# Phase-diagram of photo-doped system
Phase-diagram of photo-doped Hubbard model
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# Meissner Effect

Optical conductivity
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# Meissner Effect

Optical conductivity
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# Summary

Photo doped states as NESS.:

... access photo-doped phases in more complex systems ?

= exploring photo-doped states in GW+EDMFT (realistic simulations)

=> Hidden states is systems with spin-orbital order
(Include feedback on lattice?)

= Multi-orbital systems (SC in CszCso)?

Boltzmann equation based on NESS ?

Photo doped states as NESS.:



A protocol to reach cold photo-doped states

Philipp Werner, Martin Eckstein, Markus Muller, Gil Refael, Photo-
induced evaporative cooling, arXiv:1904.00822 (Nature Comm.)
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# Entropic cooling

Single-band Hubbard model + (uncorrelated) band: N(w,t) Aw,t)
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# Entropic cooling

Single-band Hubbard model + (uncorrelated) band: N(w,t) Aw,t)
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# Entropic cooling

Single-band Hubbard model + (uncorrelated) band: N(w,t) Aw,t)
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= Filling increased towards n=1/2

=> System becomes more correlated



# Entropic cooling

Distribution function
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# Entropic cooling

Entropy per Volume:
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# Entropic cooling

Entropy per Volume:

Core band
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=> Strong increase with hole doping



# Entropic cooling

Entropy per Volume:
Valence band
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# Entropic cooling

Entropy per Volume:

n=0.5 (Mott):

S=In(2) at T>0
(spin disordered state)

further increase:
Charge excitations

n<0.5: T—0: Fermi liquid

Valence band
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= Increase for filling towards 1/2



# Entropic cooling

Entropy per Volume:

Core band Valence band
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# Entropic cooling

Entropy per Volume:
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# Entropic cooling

Entropy per Volume:
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# Entropic cooling

Charge transfer at constant entropy?
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# Entropic cooling

Charge transfer at constant entropy?
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# Entropic cooling

Charge transfer at constant entropy?
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# Entropic cooling

Charge transfer at constant entropy?
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# Entropic cooling

Charge transfer at constant entropy?

(Q=7)
0.4 0.4 \_ *

=> Cooling below ordering temperature possible!

|
chirped pulse (QQ=6)
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0.3 0.4 0.5
electron filling

0.2

AFM

0 0.1

hole-doping

Effective Temperature after real (dynamic) charge transfer (2=06)



# Entropic cooling

Realization as cooling protocol in cold atoms?

Theoretical “device” to prepare cold photo-doped states



# Cooling after photo-doping?

heat bath
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# Cooling after photo-doping?

heat bath
Cooling after photo-doping? =
W W

temperature

electron doping d

Photo-doping: d=h
hole doping h, d=0



# Cooling after photo-doping?

heat bath
Cooling after photo-doping? =
w /e
temperature cold photo-doped FL
_ ad metal |
eXCl ‘::
:L 0.5 °
FL?? s , 21 Iy
--------- eleCtr on dOplng d 03 eq., p=14.4, 20% doping ------
o conductivity
Photo-doping: d=h 0.1
hole doping h, d=0 .
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