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Floquet engineering in
many -body (Hubbard) systems




Floquet + DMFT

(Tsuji, Oka & Aoki, PRB 2008; PRL 2009)

» [ngredient 1: Floquet-Green function
Git+ T,/ +T)= G, ) (Faisal, 1989)

=> G(t, f) — / dw Z —i(w+mQ)t+i(w+nQ)t’ G”m(w)
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» Ingredient 2: B u ttiker's heat-bath
(B u ttiker, 1985; 1986)

« |Ingredient 3: Nonequilibrium DMFT formulated in a Floquet matrix form
(Gl Al(@) = Y (G mnl(w)
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(Nonequilibrium dynamical mean-field theory)

Hideo Aoki, Naoto Tsuji, Martin Eckstein, Marcus Kollar, Takashi Oka, and Philipp Werner
Rev. Mod. Phys. 86, 779 (2014) - Published 24 June 2014

Advances in preparing and probing nonequilibrium systems, as exemplified by ultrafast

spectroscopy and cold atoms in optical lattices, have enabled the systematic study of

nonequilibrium phenomena in correlated lattice systems. This review provides a theoretical
framework for describing these effects, with a focus on generalizations of dynamical mean-

field methods to nonequilibrium situations and their applications.
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Repulsion-attraction conversion

= (Tsuji, Oka, Aoki & Werner, PRB 2012)
(Tsuji, Oka, Werner & Aoki, PRL 2011)

Continuous laser: Single monocycle pulse
| u- -u ' > (many-body) phase shift

VieWpOil’lt James K. Freericks

Changing repulsion into attraction with

the quantum Hippy H



AC (+-periodic) modulation > Floﬂ uet f;heor

(for arbitrarily strong AC)
Gaston Floquet, 1883
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Floquet formalism for Bloch particles in ac fields

[Shirley, PR 1965; Sambe, PRA 1973;
analytically shown for noninteracting case
(Tsuji, Oka & Aoki, PRB, 2008) ]
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Population inversion
(Tsuji, Oka, Werner & Aoki, PRL 2011)

Negative 7, Positive U noneq distribution
< Positive 7, Negative U
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Noneq-induced repulsion-attraction conversion

{ —dep DMFT for
Hubbard model

(Tsuji et al, PRL 2011)
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A half-cycle pulse suffices
(Hubbard model, # —dep DMFT)
U=1,T=01 F(t) = Ad()

(Tsuji et al, PRB 2012)

but Maxwell's egn
2 / F(t)dt =0
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Asymmetric monopulse realizes 7<0

(Tsuji et al, PRB 2012)
/F(r)dt =0



Experimental feasibility

¥ Required strength of the laser field:
E ~ 1 MV/cm
T~1ps

THz Electric Fleld (MV/em)

lattice consta=1A
> | F(t)dt ~ eEzalh ~ 10

"0 2 4 6 8 10

[Watanabe?eﬁiﬁg‘i;\(ipsé( Shimano,
Optics Express (2011) ]




Floquet + Hubbard > various energy scales

Q~ U

- Q) on-resonant with Hubbard
(Kitamura, Oka & Aoki, PRB 2017)




Floquet sidebands for o~ U

Falicov-Kimball model with Floquet-DMFT (Tsuji ef a/ PRB 2008)
Momentum-resolved spectral function




A remarK: Floquet optical conductivity
(1) Falicov-Kimball model with Floquet-DMFT (Tsuji ef a/ PRL 2009)

ump frequency

f eff (w)
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‘»/ n-pairing
(

[ Kitamura)

Nonegquilibrium -> long sought-after n-pairing (CN. Yang 1989)

Pair hopping > 0 Pair hopping < 0




Strong-coupling

Repulsive Hubbard model + AC > Floquet Hamiltonian

(Mentink et al, Nat Comm 2014)
convertible with Feshbach res,

but NOT symmetric

Attractive Hubbard model + AC > Floquet Hamiltonian
(Kitamura & Aoki, PRB 2016)

In equil: Repulsion-attraction ¢l > (—1)/¢;,
MSU(2) " trsfm §, > @,
AF(Z) > CDW

: AF(XY) = BCS
” |
|Nonequn ‘ F(XY) > p-pairing

(1 njs —nj)




Strong-coupling
Repulsive Hubbard + AC > Floquet Hamiltonian
(Mentink et al, Nat Comm 2014)
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Strong-coupling

Attractive Hubbard + AC - Floquet Hamiltonian

— nSU (2) (repulsion-attraction symm) destroyed

I&ﬁ) — 5”1J7;z(f1 R ;)

(Kitamura & Aoki, PRB 2016)
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Strong-coupling Attractive Hubbard model + AC

below w—-U resonance

pair hopping ©°° 7 ( A)2 n.n. repulsion > T ( A)2
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(Kitamura & Aoki, PRB 2016)



Floquet phase diagram

(Kitamura & Aoki, PRB 2016)
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Floquet states on-resonant with Hubbard U
(Kitamura, Oka & Aoki, PRB 2016)

(See also: cold-atom experiments,
Desbuquois et al, PRA 2017;
Gorg et al, Nature 2018;

Theory: Herrmann et al,
Europhys Lett 2018)
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Today's talk: Superconductors in nonequil
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Momentum-dependent noneq states < Noneq DMFT+FLEX
(Sayyad, Tsuji, Vaezi, Capone, Eckstein & Aoki, PRB 2019)

Repulsive Hubbard model on square lattice (¢ = 0> 3)
hole-doped el-doped

U(t)

before
quench

time




Momentum-dep nonequilibrium states

Noneq DMFT+FLEX (Sayyad et al, PRB 2019)
ioie-doped el-doped "

(x0) k (r1) morﬁ@(}htum (10) k (n.1)



Momentum-dependent noneq states < Im X ~ 1/7
[Sayyad et al. PRB 2019 < consistent with noneq DCA (Tsuiji et al, PRB 2014]
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Mom-dep manipulation in Floquet

Lieb lattice Kagome flat band in a metal-organic framework

(Mikami, ..., Aoki, PRB 2016)

- large superfluid weight
(Julku, ..., Torma, PRL 2016)

2016)

= + circularly-polarized light

- topological
(Wang et al, Sci Rep 2017)



Optical imprinting of superlattices in 2D materials
Aoki & Hafezi, arXiv:1912.13059)
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Collective modes in various classes of SSBs

phase modes amplitude modes | SSB
Crystals acoustic phonon | optical phonon translation
Magnets magnon amplitude mode | spin rotation
CDW phason amplitudon discrete tr
BEC Bogoliubov mode | amplitude mode | phase rotation
SF 3He Bogoliubov mode | amplitude mode | &, L, U(1) phase
SC - Higgs mode U(1) phase ]
atomic nuclei pion c particle chiral symm

Anderson-Higgs mechanism

"Higgs" defined here as an amplitude
mode in a gauge-coupled system
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REPORTS SCIENCE 5 SEPTEMBER 2014 « VOL 345 1145

SUPERCONDUCTIVITY +/ s-wave conventional SC

Light-induced collective pseudospin
precession resonating with Higgs
mode in a superconductor

Ryusuke Matsunaga,'* Naoto Tsuji," Hiroyuki Fujita," Arata Sugioka,' Kazumasa Makise,”
Yoshinori Uzawa,?t Hirotaka Terai,” Zhen Wang,?} Hideo Aoki,"* Ryo Shimano"“**

Free“ Energy




Collective excitations in superconductors

Anderson-Higgs-
Brout-Englert, ---
mechanism

Higgs mode

Higgs mode
= amplitude mode

Nambu-Goldstone .
mode *

J‘Nambu—GoIdstone mode
= phase mode

Reqj |mw ‘\\
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Experiment with THz laser: pump-probe
(Matsunaga et al, PRL 2013)
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Experiment with THz laser:

(Matsunaga et al, Science 2014)

during pump |
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Anderson (1958) pseudospin description

é 1/\ A BCS state é A B normal state (T=0)
E 3
5 T~ > 5 i >
a0 "( 30 .
|kT-kd> occupied unoccupied d S S
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E el AT R g O = (g €gy €k i ChT)
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. mom distribution
o pseudo mag f
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Bloch-like eqn of motipn o -> collective pseudospin precession

—o, =2b, xo,,

ot




Bogoliubov -de Gennes eqn
' €k—cA() — —A7
0t = Y \/
t ( —A — Ekﬂ’A(r)) %ﬂ %
! ! % W <
electron hole v, — Ch
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b ! 2

t t

electron hole exp (i2er)
Ex—er) T gk+eA(t) Ex
— ADA.(H+0(A*
> Z Sk, ()4 ( ) (47)
A

as it should, since

Laser-SC coupling ~ 4 2 (Matsunaga et al, Science 2014)
< one reason why it took half a century for the observation ] Y ====--

Higgs
(= neutral
scalar particle)

L



Nonlinear “London ean” , (Matsunaga et al, Science 2014)

i) o« == A(HSA()

[J / /
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(= 3rd-harmonic generation)
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Third-harmonics generation: Exp & theory
(Matsunaga et al, Science 2014) | |
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Higgs vs quasiparticle (charge density fl) excitations

w

quasiparticle continuum

\ Higgs mode

Collective Higgs mode and quasiparticle excitations (CDF)
-- both contribute to the 2A mode (Cea, -+, Benfatto, PRB2016)

- do beyond BCS
(Tsuji, Murakami & Aoki, PRB 2016; Matsunaga et al, PRB (R) 2017)




THG susceptibility beyond BCS

(Tsuji, Murakami & Aoki, PRB 2016)
.(3) (3) 43 3)\ 43
Jll = Xtot A (X(} + X{ ])A

A the diagrams with vertex corrections D collective modes

@ non-resonant
bevond BCS

T3 33
() mixed  igno¥ed in BCS DMFT extended for treating THG

XrHG(Q) = Zx(”(ﬂ) + ZW(@)
?O - O bOrc

\ % - )<[ -

terminology borrowed from
Raman scattering

© Presonant




THG intensity (Tsuji, Murakami & Aoki, PRB 2016 )

beyond BCS

r-)

/
i

h{ ‘= ‘XO-I_)(‘JE -

]

Conclusion:

(1) Higgs mode can significantly contribute
if we go beyond BCS,

(2) Strongly depends on
angle between light and crystal




Higgs vs charge density fl

- - - polarization-resolved THG in me@ iy
(Matsunaga-“et al, PRB 2017)




Polarization-resolved Higgs vs charge density fl contributions
(Matsunaga, Tsuji, ---, Aoki & Shimano, PRB (R) 2017)

Theory

. incident outgoing
incident outgoing

3.0/ (d) DMFT

250 —e— CDF
» o —8— Higgs
NhN/MaO Pump

Normalized |x|“

I O
€ — €@y € — €p+op-

B(w)sin4d
0

angle-dependent = CDF,
angle-independent > Higgs




Polarisation-resolved THz THG in NbN
(Matsunaga, Tsuiji, -+, Aoki & Shimano, PRB (R) 2017)

3.0
0,=225° (c)

- 20 K > Tc, eincide‘l:lt/—/e probe
== 115K, // '

— 115k , | almost no angle-dependence
’ - Higgs dominates

®
=
-
o
P

> Higgs >> CDF (opposﬂe to BCS) |C(w)| >> |B(w)| (~ |4A(w)])
possible reason: NbN = strongly coupled el-ph
- large retardation effects - BCS invalidated
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v d-wave HTC




Higgs modes in unconventional (d-wave) SC

Group-theoretical classification for amplitude oscillations for d,,_,,—wave
(Barlas & Varma, PRB 2013)

Breathlng (A1g) ‘mode

zﬁs -»g_, | -»Nz‘\‘

Rotating (Aj,) mode

g_{g => ‘_,(L‘- => \.\\

Clapping (By,) mode

..ngs“ » ok

Osculatmg mode (




Actual detection of the Higgs modes in a HTC cuprate

Experiment + theory on Bi,Sr,CaCu,0g,, (Bi2212)
(Katsumi, -+, Aoki & Shimano, PRL 2018)

PHYSICAL REVIEW LETTERS 120, 117001 (2018)

Higgs Mode in the d-Wave Superconductor Bi,Sr,CaCu,0g,, Driven

by an Intense Terahertz Pulse

o .. 2 : 1 1.3 \ 4 o - _
Kota Katsumi, Naoto Tsuji,” Yuki I. Hamada,” Ryusuke Matsunaga, > John Schneeloch,” Ruidan D. Zhong,
4 1y . 1.5.6 . 1.7.8 " 1.8
Genda D. Gu,” Hideo Aoki, ™ Yann Gallais, ""* and Ryo Shimano
Department of Physics, The University of Tokyo, Tokyo 113-0033, Japan

THz-pump, optical (near IR) —probe



(a)

Time Delay :

Optical Pl‘{)hi’f;g!.
(800 nm) ¥

®

THz Pump Q2

(Katsumi et al, PRL 2018)




Employed samples of Bi,Sr,CaCu,0,

© T* ARPES (ref. 14)
> T* ARPES (Pb-Bi2212, ref, 14)
& T* ARPES (ref. 58)

T 515 tunnelling (refs 144,152)
1> T* STS (ref, 144)
® p. ARPES (T =0)
® p ARPES(T=T)

015 0.20 0.25 0.30

Hale concentration p

(Hashimoto et al, Nat Phys 2014)




Transient reflectivity change

Intensity (arb. units)

1.0 -
0.8 -
0.6 .
04 ]
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(Katsumi et al, PRL 2018)
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Symmetry of the signal

(Katsumi et al, PRL 2018)
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We can decompose into irred reps

O o (Katsumi et al, PRL 2018)

THz-pump, optical-probe (reflectivity change) measures THz Kerr signal
= 3rd-order nonlinear susceptibility y ®

o3 . ) i
eprope (1) = ¥ (w; 0, + Q, — Q) Apymo Apropee ™.
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T(QPumpa gProbe) = R + R - COS26]P11111pCOSngmbe +

(a)

-_
I

AR/ R (10

Pump-polalization dependence: experiment
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) (Katsumi et al, PRL 2018)
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Theoretical nonlinear susceptibility

A general property (Katsumi et al, PRL 2018)

THz-pump optical-probe Kerr susceptibility (y )
(not to be confused with amplitude osc modes)

/ )
A I 4 b I q

v v
v 0




Pump-polalization dependence: theory

- - - everything now dep on K

H= z:kckgckg N |V(k k)|ck,rc k1K |k

ko

(Katsumi et al, PRL 2018)

oc( cos k, — cosk, )( cosk, — cosk, ) for d-wave
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Theoretical THG susceptibility in HTC cuprate
(Katsumi et al, PRL 2018)
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THG susceptibility in HTC cuprate: theory

(Katsumi et al, PRL 2018)

Theory: if A1g dominates > Higgs dominates |




(Katsumi et al, PRL 2018)
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Exp: A1g is always dominant
- Higgs dominates,
0.10 0.20 | (B1gis likely due to CDF)
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OP90, A, (Katsumi et al, PRL 2018)
Decaying

Phase diagram of Bi1,Sr,CaCu,O,
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M. Hashimoto et al., Nat. Phys. 10, 483 (2014)




SC current - linear coupling between Higgs & light

PRL 118, 047001 (2017) FHYSICAL REVIEW LETTERS 27 | |"‘-f —ul” 1||[

Amplitude Higgs Mode and Admittance in Superconductors with a Moving Condensate

Andreas Moor, Anatoly F. Volkov, and Konstantin B. Efetov

—._.‘—._}—._,1.

h"""*-. L""“\ L""“\ ac external irradiation
condensate flow Q

ﬁ

superconductor

Condensate momentum Higgs couples linearly with E,
S, =S, +4CRe / 51A |, [A1Q,Q_qdr

int

CRe / 126|AbolEl + (61A)21Q2dr.



Collective modes in two-band superconductors (as in MgB,)

- Leggett mode & Higgs modes

(Krull, -+, Manske, Nature commun 2016;
Murotani, Tsuji & Aoki, PRB 2017)




Two-band formulation
(Murotani et al, PRB 2017)

Two-band pseudospin rep

Two-band Nambu spinors

Ean of motion for the phase difference

0 Oe(w)—Bg(w)]=— e’ A’ (w)iwL(w),




Leggett & Higgs modes vs 7 (Murotani et al, PRB 2017)

FWHM of |L(w)| WL

> very good probe for superconalctors
(with even Leggett mode optically-excitable)

Cf. Jujo, JPSJ 2017; Murotani & Shimano, PRB 2019
Higgs-light nonlinear coupling € enhanced by honmag impurities
Leggett-light nonlinear coupling < unaffected by honmag impurities



Can collective modes actually affect SC itself ?

2, Phonon iy al-ph system (Liu et al, Nat Commun 2016)

Leggett mode

G

Qg el e

G

p+Q, i+

GD Je II"
k.

Bethe—-Salpeter eqn for the Leggett mode

q/2+p q/2+p' ql2+p q/2+p' q/2+p gl2+p"

NP AN )

.q /2-p




Vertex corrections usually neglected

RPA,FLEX,TPSC vertex corrections
%_.H_

—>———+—
Vett (@)

* If vertex corr at work for SC = non-bosonic exchange

main reason why Tc is so low
in electron mechanisms SC
DI'A (Rohringer, -+, Held, RMP 2018) (Kitatani, -, Aoki, Held,

- PRB (R) 2019)

at\\C\e 9 it d‘be interesting if Higgs can affect
= ;;w— a futurel problem




Summary: Superconductors in nonequil

Many-body

(Tsuji;

Tsuiji)

v/ n-pairing

(Kitamura)

"« Attraction-repulsion convigt®

Steady/transient

,_,—" -

'« k-dep relaxation
(Tsuji; Sayyad)

« Higgs dynamics: phonon mechanism SC (Tsuiji)
unconventional SC (Tsuiji)

N\

- A lot of future directions along

9

, steady/transient
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