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Electronic correlations at the one-particle level:

experimental spectra
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A. Tamai, et al. Phys. Rev. X 9, 021048 (2019)
T. Yoshida, et al., J. Phys. Soc. Jpn. 81, 011006 (2012)



Electronic correlations at the one-particle level:
how does the system become excited?

Gap and pseudogap evolution within the charge-ordering
scenario for superconducting cuprates

L. Benfatto®, S. Caprara, and C. Di Castro

T. Yoshida, et al., J. Phys. Soc. Jpn. 81, 011006 (2012)



Electronic correlations at the one- and two- particle level:
origin of fluctuations
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What are possible strategies for a
“fluctuation diagnostics” in theory?

IR, INS, NMR

A. Tamai, et al. Phys. Rev. X 9, 021048 (2019)
M.K. Chan, et al., Nat. Comm. 7, 10819 (2016)
S. Petit, EP] Web of Conferences 155, 00007 (2017)



Outline: diagnostics of fluctuations in correlated systems

Introduction
* Experimental spectra at the one- and two-particle level
* The Hubbard model )
* Two-particle level quantities: linear response, vertex and

Dyson-Schwinger equation of motion o s
 Two general approaches to tackle complex problems

Parquet decomposition
* Parquet equations and description of the method

 Examples
 Breakdown

Fluctuation diagnostics
e Partial sums of the Dyson-Schwinger equation of motion

 Examples

Conclusions, outlook and general perspective



Strongly correlated systems: a simple (?) modellization

Hubbard Hamiltonian:

U: local Coulomb

-t : hoppin
bping interaction

In this talk: one band, (mostly) 2D, no symmetry broken phases [espc. SU(2)]

Results from: diagrammatic Monte Carlo (DiagMC) ———>  Seminar of F. Simkovic
dynamical mean-field theory (DMFT) ——>  RMP 68, 13 (1996)
dynamical cluster approximation (DCA) = RMP 77, 1027 (2005)
dynamical vertex approximation (DlA)

dual fermion approach (DF) RMP 90, 025003 (2018)
triply irreducible local expansion (TRILEX)

J. Hubbard, Proc. Royal Soc. A, 276, 238— 257 (1963)
M. Qin, TS, et al., “The Hubbard model: a computational perspective”, arXiv:2104.00064, submitted to Annual Reviews



Quantum field theoretical description of spectra:
one-particle Green functions
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Quantum field theoretical description of linear response:
two-particle Green functions
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Connecting one- and two-particle level:
the Dyson-Schwinger equation of motion (DSE)

Full vertex F (from G,)

How can we tackle the complex problem

of analyzing the DSE with F?




Strategies of tackling complex problems:
rely on Latin mottos!

“teach everything”
good start (however, not very constructive)

“change what has to
“divide and rule” be changed”

TS and A. Toschi, J. Phys.: Condens. Matter 33 214001 (2021), Special Issue: Emerging Leaders 2020



“Divide et impera”:
subdividing the full vertex F via the parquet equations

F=N+@,+D, +O,,

All connected
2P
diagrams

h Fully irreducible vertex A

Full vertex F
(“scattering amplitude”)

C. de Dominicis and P. C. Martin, J. Math. Phys. 5, 14/31 (1964)



“Divide et impera”:
the parquet decomposition of the self-energy

O. Gunnarsson, TS, et al., Phys. Rev. B 93, 245102 (2016)



Parquet decomposition: application 1
first DMFT and DCA calculations

Model: Hubbard model
Techniques: DMFT, DCA with N.=8

3D cubic, DMFT, n=1, T=0.19t, U=4.9t 2D square, DCA, n=0.85, T=0.33t, U=4t

O. Gunnarsson, TS, et al., Phys. Rev. B 93, 245102 (2016)
TS and A. Toschi, J. Phys.: Condens. Matter 33 214001 (2021)



Parquet decomposition: application 2
two magnetic regimes at weak coupling

Model: 2D Hubbard, n=1 (half filling), simple square lattice, U=2t

® AN = (1, 0) v

V¥ N = (1/2, m/2)

T. Schéfer, et al., Phys. Rev. X 11, 01158 (2021)
TS and A. Toschi, J. Phys.: Condens. Matter 33 214001 (2021)



Parquet decomposition: application 2
two magnetic regimes at weak coupling

Model: 2D Hubbard, n=1 (half filling), simple square lattice, U=2t

Magnetic correlation length exponentially growing!

Vr
Condition for pseudogap at weak coupling (Vilk criterion): — KL €& “

P
—> Footprints of spin fluctuations in all observables " ..
(on the one- and two-particle level)

® et
g T. Schdifer, et al., Phys. Rev. X 11, 01158 (2021)
TS and A. Toschi, J. Phys.: Condens. Matter 33 214001 (2021)



Parquet decomposition: application 2
two magnetic regimes at weak coupling

Model: 2D Hubbard, n=1 (half filling), simple square lattice, U=2t
Technique: DrA (ladder in spin channel)

TS and A. Toschi, J. Phys.: Condens. Matter 33 214001 (2021)



Parquet decomposition: application 3
Hubbard nano rings

Model: 1D Hubbard nano ring with four sites, n=1 (half filling), U=2t
Technique: DrA (ladder in spin channel)

A. Valli, TS, et al., Phys. Rev. B91, 115115 (2015)
TS and A. Toschi, J. Phys.: Condens. Matter 33 214001 (2021)



Parquet decomposition: application 4
current-current response functions

Model: 2D Hubbard, n=1, U=4t
Technique: DrA

Xr = Xo — Xol'rXx = Xo — XoF' X0 F=A+®,,+®pn + P

A. Kauch, et al., Phys. Rev. Lett. 124,047401 (2020)
TS and A. Toschi, J. Phys.: Condens. Matter 33 214001 (2021)



Parquet decomposition: application 4
current-current response functions

Model: 2D Hubbard, n=1, U=4t
Technique: DrA
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A. Kauch, et al., Phys. Rev. Lett. 124,047401 (2020)
TS and A. Toschi, J. Phys.: Condens. Matter 33 214001 (2021)



Parquet decomposition:
from weak to strong coupling

Model: 3D Hubbard, n=1 (half filling), simple cubic lattice, T=0.19t
Technique: DMFT

U=4.9t U=9.8t

O. Gunnarsson, TS, et al., Phys. Rev. B 93, 245102 (2016)
TS and A. Toschi, J. Phys.: Condens. Matter 33 214001 (2021)



Parquet decomposition:
from weak to strong coupling

Model: 3D Hubbard, n=1 (half filling), simple cubic lattice, T=0.19t
Technique: DMFT

Reason: divergences of vertex parts of the

parquet decomposition

F AQPI __(]:)Ch+(I)Sp_|_(I)pp
Well I B e
behaved * 7 1, - o

O. Gunnarsson, TS, et al., Phys. Rev. B 93, 245102 (2016)
TS, et al. Phys. Rev. Lett. 110, 246405 (2013), TS, et al., Phys. Rev. B 94, 235108 (2016), O. Gunnarsson et al., Phys. Rev. Lett. 119, 056402 (2017), ...



How to circumvent the divergences?

Bethe-Salpeter summations (well behaved dominant channel)

Different decomposition (not parquet, but, e.g. single boson exchange)

F. Krien, et al.,
Phys. Rev. B 100, 155149 (2019)

O. Gunnarsson, TS, et al., Phys. Rev. B 93, 245102 (2016)
TS, et al. Phys. Rev. Lett. 110, 246405 (2013), TS, et al., Phys. Rev. B 94, 235108 (2016), O. Gunnarsson et al., Phys. Rev. Lett. 119, 056402 (2017), ...
J. Vucicevic et al., Phys. Rev. B 97, 125141 (2018),



Strategies of tackling complex problems:
rely on Latin mottos!

“teach everything”
good start (however, not very constructive)

“change what has to
“divide and rule” be changed”

TS and A. Toschi, J. Phys.: Condens. Matter 33 214001 (2021), Special Issue: Emerging Leaders 2020



“Mutatis mutandis”:
changing the representation of the DSE...

G (k')

Go(K' +q) Fa
og

Go (k) Go(k+q) Gy (k)

Equivalent due to
L SU(2)-symmetry and
crossing relations

Same result, if all sums are performed -

what about partial sums?

O. Gunnarsson, TS, et al., Phys. Rev. Lett. 114, 236402 (2015)



“Mutatis mutandis”:
... and performing partial sums...
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... omitting the sum over the transfer momentum Q
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O. Gunnarsson, TS, et al., Phys. Rev. Lett. 114, 236402 (2015)



Fluctuation diagnostics: application 1
The attractive Hubbard model

Model: 2D Hubbard, n=0.87, square lattice, T=0.1t, U=-4t
Technique: DCA, N.=8

Charge and pp fluctuations

well-defined and long-lived!

O. Gunnarsson, TS, et al., Phys. Rev. Lett. 114, 236402 (2015)



Fluctuation diagnostics: application 2
The repulsive Hubbard model: origin of the pseudogap

Model: 2D Hubbard, n=0.94, square lattice, t’=-0.15t, T=0.067t, U=7t
Technique: DCA, N.=8

Spin wins!

d

long-lived short-lived

O. Gunnarsson, TS, et al., Phys. Rev. Lett. 114, 236402 (2015)



Fluctuation diagnostics: application 2
The repulsive Hubbard model: origin of the pseudogap

Model: 2D Hubbard, square lattice, n=0.94
t’=-0.15t, T=0.1t, U=7t t’=-0.3t, T=0.2t, U=5.6t
Technique: DCA with N.=8 DiagMC

Charge picture

Spin picture

X. Dong, et al., Phys. Rev. B 100, 235107 (2019) W. Wu, et al., Phys. Rev. B 96, 041105(R) (2017)



Fluctuation diagnostics: application 2
Origin of the pseudogap: what about d-wave pp-fluctuations?

d-wave pairing correlator

Z f(K>f(K/)<CI<TCT_K¢C_K/¢CK/T ><CT—K¢C—K¢>

with f(K)=cosK,—cosK,

large if <C]IL<TCT—K¢C—K’¢CK’T> ~ fK)f(K')

fluctuation diagnostics
(in pp-representation, Q=0)

but, then ...
Ug Z[E<k) N T]Q(k) - Z <CI<TC}Q—K¢C—K’¢Cﬁ+K’T> - Z<CI<TCKT><CI</¢CK/¢>'

v K’, K/
small !

O. Gunnarsson, TS, et al., Phys. Rev. Lett. 114, 236402 (2015)



Fluctuation diagnostics: application 3
Estimation of Fierz parameter

TRILEX: mixed fermionic-bosonic language

1 1
U’I’LT’I’LJ( = 5 ch N + iUspggz U=Ua — 3Usp

Uch = (301 = l)U

Ugp = (0= 2/3)U = e U

V

T. Ayral and O. Parcollet, Phys. Rev. B 92, 115109 (2015), Phys. Rev. B 93, 235124 (2016)

TS and A. Toschi, J. Phys.: Condens. Matter 33 214001 (2021)



Conclusions and perspective

* General strategies for insight in the
origins of correlated spectra via the
Dyson-Schwinger equation of motion

* Prerequisite: access to (unbiased) one- and two-particle Green function

* Parquet decomposition ] | R op o
* Numerically heavier (parquet inversions) ¢ o
705 [ bt
* Unstable for increasing U g T RAT

* Generalizable to response functions 2

v [eV]

* Fluctuation diagnostics
e Relatively lightweighed
* Flexible / applicable everywhere



Conclusions and perspective

* Very versatile tools:
i PRL:H.‘Z}M()Z(I()IS]- IPHYS.ICAL REVIEW LETTEIR.S " ﬁ“fi} """" s/IC DCA etC)

Fluctuation Diagnostics of the Electron Self-Energy: Origin of the Pseudogap Physics

O. Gunnars: T. Schiifer,” J. P.F. LeBlanc,** E. Gull," J. Mer

«""'Pseudogap phase of repuisive Hubbard model
* Different regimes of magnetic fluctuations
* Fluctuations of phonons

e Outlook
* Multiorbital systems
* Symmetry-broken phases
e Cluster diagnostics, symmetry diagnostics

TS and A. Toschi, J. Phys.: Condens. Matter 33 214001 (2021)
Special Issue: Emerging Leaders 2020 C. D. Friedrich, “Wanderer iiber dem Nebelmeer” (1818)



