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Outline

Spectroscopy of strongly correlated materials: realistic DMFT
Non-equilibrium dynamics of correlated materials: XFEL-ultra-strong pulses

Non-local correlations: cluster and dual scheme
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Strongly correlated materials

Orbital

I Interplay of degrees of freedom

% Coupling of control parameters

% Complicated ordering phenomena

K 1 <> 2 H. Ehrke et al.,
g” (X,¥,2) > (y,X,-2) PRL 106, 217401 (2011) Spaldin & Fiebig, Science 309:391 (2005)

E. Pavarini, E. Koch, and A. L. PRL 101, 266405 (2008)
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ontinuous 1ime Quantum Monte Carlo
Partition function: H = /—/O + \V/

Z ="Tr {e_BHOTTe_ Jo dTV(T)}

Stochastic expansion — “Diagrammatic Monte Carlo” (N. Prokof'ev)

o .3 .3 .3
7 = Z/o dr / de.../ | dr Tr {e_ﬂHOe_TkHO(—X)...e_(”_’”)HO(—X)e_T'HO}
k=0 i Tk

E. Gull, A. Millis, A.L., A. Rubtsov, M. Troyer, Ph. Werner, Rev. Mod. Phys. 83, 349 (2011
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Fermi surface for Ruthenites: LDA+DMFT

SroRuQq4 Sr3Ru207 SroRuQq4 S3U207

R

ARPES %
A. Damascelli et al., A. Tamaiet et al.,
PRL 85, 5194 (2000) PRL 101, 026407 (2008)
Theory
G. Zhang, E. Gorelov, E. Sarvestani, E. Gorelov, G. Zhang,
and E. Pavarini, accepted to PRL (2016) and E. Pavarini (unpublished) UH
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Orbital ordering in Ca,RuO,

Crystal-field orbitals
of Ru 4d t,, manifold

High-temperature phase: | _Ppcg

Structural transition RXS signal for the d, ordering
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E. Gorelov, M. Karolak, T. Wehling, F. Lechermann,  O. Friedt et al, PRB 63, 174432 (2001) M. Kubota et al., PRL 95, 026401 (2005)
A. L, E. Pavarini, PRL 104, 226401 (2010)
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Metal-Insulator transition in Ca,RuQ,

XZ

E. Gorelov, M. Karolak, T. O. Wehling, F. Lechermann, A. L. , and E. Pavarini, PRL 104, 226401 (2010)
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Spin state transition in LaCoO,

Co 3d states

Low spin High spin
(S=0) (S=2)

High spin state, density of states for Co 3d orbitals

T~4Twmir T~2Twr
U=4.5eV 0GPa

8GPa

8 -4 0 4 8 -4 0 4
G. Zhang, E. Gorelov, E. Koch, and E. Pavarini, PRB 86, 184413 (2012)
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M. Abbate et al., PRB 47, 16124 (1993)

UH

o=



Spectroscopy of strongly correlated materials: beyond DMFT Evgeny Gorelov, Alexander Lichtenstein, Hiroshima, 05.07.2017 9

Spin and Charge modulations in LaCoO,

Density of states for Co 3d orbitals Phase diagram as a function of the lattice
temperature and the Hund'’s rule coupling
@1 co by — €y ‘°¢° 0000 (a)  Spin Fluctuations J(b) Spin-Charge Fluctuations
[LS m HS @ MS e | [LS-LS ®m 1S-HS e HS-HS e |

650

0.5 0.6

Co#1 Co#2
M. Karolak, M. Izquierdo, S. L. Molodtsov, and A. L., PRL 115, 046401 (2015)
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Cluster model for calculation of XAS spectra in LaCoO,

Includes Co-d and O-p orbitals Wannier orbitals

Electron Hopping between Co-d and Ligands is allowed

Full Coulomb vertex at Co-d orbitals is included

Co L, 3 XAS spectra with fixed structure
and different electronic temperatures

L3, 300K structure

XAS (a.u.)

e %M% .,
g
. o T "
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E. Gorelov, to be published
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Spectral properties of correlated materials: CPO-27-Ni XES

I Catalytic metal-organic framework CPO-27-Ni
BE Nivalence to core K-edge XES

BE Ni d-d excitations reflects Ni environment, where catalytic activity takes place
Bl Study of catalytic activity in-situ is possible

0= 23 4 5 1 2= 34 5
(d) CPO-27-Ni
A C dehydrated
\/U
B
W Ni
¢ O
¢ C
“H
CPO-27-Ni 4
+HS CPO-27-Ni
2 +NO
\ ) 023 4 &5 12923 4 s
e E. Gallo, E. Gorelov, A. A. Guda, F. Bonino, E. Borfecchia, Q- o) (eV)

D. Gianolio, S. Chavan, and C. Lamberti, submitted to Inorg. Chem.

% Full Coulomb interaction for Co-d orbitals
0 Cluster spectrum codes: XTLS by Arata Tanaka (Hiroshima); Fa
Quanty by Maurits W. Haverkort (Heidelberg)
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Correlated materials in strong time-dependent electric fields

I Investigation of behaviour of correlated materials in presence of strong electric fields
B® Hubbard model is used to model correlated materials
= [IPT on Keldysh contour with non-equilibrium dynamical mean-field theory
BE Electric field is included as Pierls substitution for hoppings

Hubbard model in Electric fields

‘ Peierls substitution: ¢ — ¢ exp(icE(R; — R))t)
* ‘ , E(t) = -9,A(t)

* “Ut *

‘ ’ ® E-Puls E(t) = EO(t)f(ty —t)
H=-t) co.+ l"'znyl"]‘ o E-switch A(t) = EO(t)
'J.lm J

A. Joura, J. K. Freericks, A.L., Phys. Rev. B 91, 245153 (2015)
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Correlated materials in strong time-dependent electric fields

I Investigation of behaviour of correlated materials in presence of strong electric fields
B We study single-band Hubbard model with anisotropic hoppings
B Arbitrary field shape and strength can be considered
BN Multi-orbital extension allowing realistic calculations is feasible

Spectral function

VeCtor pote ntlal Spectral function. ]5:9499-109 [V/m]; U=4 [eV]
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Correlated materials in strong time-dependent electric fields

B Infrared vs X-ray

: U=4 eV —
Vector potential U=6 eV
Spectral function. E=9.99- 10° [V/m]; U=4 [eV]

Spectral function. E=9.99-109 [V/m]; U=6 [eV]
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Correlated materials in strong time-dependent electric fields

Polarization dependence on rectangular lattice

B We study anisotropic Hubbard model, t, = 2t,

B We use infrared pulse, w = 1.4 eV

B® Linear polarization along X or Y axis is used 10
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Lattice distortion and time-dependent electric fields
Small Field

Spectral function. E=6.66-10° [V/m]; U=4 [eV]

Large Field

Spectral function. E=16.65-10" [V/m]; U=4 [eV]

0.8 08

4 0.7 4 0'7

3, 0.5 > - -~ 0.5
~ OO

Ellx 5 g
£ ~ I w—

@ 0.3

2 0 S, | -_— . - 0

4 0.1 ‘ ~——
: 4 0.1
0 1 2 3 4 5 6 ’ 0
0 1 2 3 4 5 6

Time |[fs]

Time [fs]
Spectral function. E=6.66-10° [V/m]; U=4 [eV]

0.8
4 0.7 Spectral function. E=16.65-10° [V/m]; U=4 [eV]
———————————— o —
5 0.6
0.5
l 04
0.3
E :
Iy l —— 0.2
4 0.1 R
0 1 2 3 4 5 6

S

Energy [eV]
o
[\S]

Energy [eV]
o

2
0
-4
Time [fs]
¥ Viktor N. Valmispild, Martin Eckstein et al. Time [fs]
UH
I B Y European XFEL i



Spectroscopy of strongly correlated materials: beyond DMFT Evgeny Gorelov, Alexander Lichtenstein, Hiroshima, 05.07.2017 1 7

Non-Local correlations: AFM and d-wave in HTSC

O—O-0—@ =

) |
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A.L. and M.Katsnelson, PRB 62, R9283 (2000)

UH
I B Y European XFEL

Q- PO

G- <,, QO D

®,



Spectroscopy of strongly correlated materials: beyond DMFT Evgeny Gorelov, Alexander Lichtenstein, Hiroshima, 05.07.2017 1 8

Plaguette Valence Bond Theory of HTSC

Hy= ) hdicl,cio + > Unigngy

(4,5)=1..4 i=1..4
(u t ot t\ 1,(,)Plaquette Quantum Critical Point"
ho= | LH T |
tt o ut 0.8
\t t' ¢t M} 0.6
Do /2\)(‘—:275—75’ = 2‘2‘
L t’ 0.0
, —0.2
(4 3 2t—t
=_1 =03 Periodic BC: t->2t and U->2U

M. Harland, M. Katsnelson, A.L. PRB 94, 125133 (2016) gz
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Plaguette susceptibility: one level bath

Z (—1)'0A4(bs,obiy1,—o + h.c.),
oc="T,),2=1..4

hs — Z (—1)iO'AS(b,1-L,0b7;+1’_J + h.C.),
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Singlet State of SC-plaquette with bath

Isolated Plaquete: Plaquete in SC-Bath: V=0.2, A,=0.05

6X —_—
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Plaquette-Bethe lattice

R ~ \ —1 A
G (iw) = (w o ho) — 10, G (iw) .t

G. Moeller, V. Dobrosavljevic, and A. E. Ruckenstein,
Phys. Rev. B 59, 6846 (1999). Optimal Bethe-hopping: t, =0.25

Q t =0.2 ]
t =0.3 y

1 0,104
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. Harland, M. Katsnelson, A.L. PRB 94, 125133 (2016)
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DMF T-functional

Start from Find the optimal Expand around
Correlated Lattice Reference System DMFT solution
Bath hybridization
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Dual Fermion: Beyond DMFT
O@O 2
v A. Rubtsov, et al, PRB 77, 033101 (2008)

ka — [(gw + gwikwgw)_l + Aw — tk]_l
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Spin-Polaron near van Hove singularity in real Material: Na,CoO,

— Dual filling 1.75 — Dual filling 1.3
— DMFT filling 1.75 . DMFTﬁIIing1.3
— Dual Charge Channe! only _ — Dual Charge Channel only filling 1.3
n=1.75 n=1.3
DMFT
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_f g \ | | ] ] )
—06 =04 =02 0.0 "|},2 04 06 08 1.0
DF-spectral function Na,CoO, A. Wilhelm, F. Lechermann, H. Hafermann,
1 8 M. Katsnelson, A. L. Phys. Rev. B 91, 155114 (2015)
7
16 : :
s Spin-Polaron physics for n=1.75
| 4
3 2t(t—Jcosk
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n

) | 1d t-J model, M. Katsnelson (1982)
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Extended van Hove singularity: triangular lattice

Spectral Function

0.5 +

N(k)
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Evgeny Gorelov, Alexander Lichtenstein, Hiroshima, 05.07.2017
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D. Yudin, D. Hirschmeier, et al., PRL 112, 070403 (2014)
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Dual Boson: non-local interaction + screening

& 1
S’Lm — d d / - _]} * ' o - U AC / A% AS 7! _)7' S
P /A Tart ;gﬂ- CTO'C +2( _|_ TT)nn _|_ S
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o~ J 5§

] | European XFEL

26

lEég



Spectroscopy of strongly correlated materials: beyond DMFT Evgeny Gorelov, Alexander Lichtenstein, Hiroshima, 05.07.2017 27

DB-diagrammatic scheme

Bosonic Selfenergy Fermionic Selfenergy
0 Q)
== m
Q
© ®+Q ©
) 0 0 ®
Renormalized _ +
vertex: - ) o)
®+£2 ®+£2 -+ o +Q
Fermionic and Bosonic Green Functions SCF-condition
Griw =[(9v + 0 X00g) L+ A, — t] 7! > Gr=g, A,
k »
qu — [(Xw + Xquwa)_l + Aw — Vk]_l Zqu — Xw Aw
q

A. Rubtsov, M. Katsnelson, A. L., Annals of Phys. 327, 1320 (2012)
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X M

Single plasmon mode for g->0
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Erik van Loon, et all, PRL 113, 246407 (2014)
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Summary

We developed general methods for spectroscopic calculations of strongly correlated materials

Accurate calculations of Fermi-surface, metal-to-insulator transition details,
and spectral functions for strongly correlated materials have been done in framework of DFT+DMFT.

XAS spectra of real materials are calculated in order to assist in interpretation of experimental data.

Non-equilibrium DMFT approach have been used in order to study behavior of correlated materials in
presence of strong electric fields.

Non-local correlations beyond DMFT can be well described in dual fermion/boson scheme
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