



































































































































Floquet engineering with optical lattices

Tilman Esslinger ETH Zurich

a

Laser field mirror

What do you associate

shaken periodic potential

Voces Tk x Xml

xmtkx.es wt do

p a
amplitude frequency'tphase

energy scales driving frequency w

kinetic energy
bandwidth W

tunneling t

bandgap
Hubbard U






































































































































periodic in time

switching on switching off

eigenstates may oscillate in time
phase between eigenstate
and drive

suitable frames of reference

frequency spectrum

Vo V SVV 18 8

sidebands

multi photon transitions between bands

V

a heating






































































































































What else

more complicated waveforms
e g two frequencies

comensurate frequencies

Wz 2 We

relative phase

interfering several driven lattices

amplitude modulation






































































































































Early Experiments I

simple thought modulate at U
r amplitude easiest

Amplitude modulation in AD Bose Hubbardmodel

Transition from a Strongly Interacting 1D Superfluid to a Mott Insulator 
 
Thilo Stöferle, Henning Moritz, Christian Schori, Michael Köhl, and Tilman Esslinger 
Phys. Rev. Lett. 92, 130403 – 2004






































































































































Early Experiments

measured from

AP expansion

Besse function

Dynamical Control of Matter-Wave Tunneling in Periodic Potentials 
H. Lignier, C. Sias, D. Ciampini, Y. Singh, A. Zenesini, O. Morsch, and E. Arimondo 
Phys. Rev. Lett. 99, 220403 – 2007
 
Superfluid-Insulator Transition in a Periodically Driven Optical Lattice 
André Eckardt, Christoph Weiss, and Martin Holthaus 
Phys. Rev. Lett. 95, 260404 – 2005






































































































































Literature

Viebahn20203 Lecture Notes

Gorg 20291 PhD thesis j ETH Z server

For more literature Internet

Many experimental groups
Hamburg Munich Chicago






































































































































Floquet approach to time periodic Hamiltonian

Find solutions for

it 1414 HIT 141T 14KEUR.to 1412M

with Hci HIT T

Evolution operator

U It Ti I'exp I I Il e de e
Etc list ti

j ToETjEtnY
time ordering

periodic U It T T D 2,0

can be factorized

I TatZz To Il Titta Tn Ie In to

periodic evolution

III tht To Iott Top

Unitary operator Itu t

To T Z e
i FIT.IT t

Flyte stroboscopic Floquet Hamiltonian hermitian

depends on choice of To Htatty






































































































































all stroboscopic Floquet lamiltonian are related

via the gauge transformation

Htt III e HITTING T

i e spectrum is unaffected

Gorg2019

Evolution

ICI f Ti L If I tht e
Ed Th

g to z

If Itnt full periods to t

Feeding
governedby HF






































































































































Define stroboscopic kick operator Keiji
h

e
i ketoct q z z ei Fto e t h

periodic K Eto ITT KtEto Itt

zero at stroboscopic times

KF To I tht 0

General evolution operator

A yep e
i tallit

e
iHetto Tf Tilth eikteo ti

Floquet's theorem for stroboscopic Floquet
Hamiltonian and kick operator

Effective Hamiltonian for the non stroboscobic evolution

time independent Hamiltonian without explicit dependence on to

absorb gauge dependent terms in kick operators

Hey e Hate e
itiled

new kick operators

e
i keto lil

e
ik lil eikTo






































































































































I loquet theorem in its gauge independent form

U Tf Ti e
it t

e
iFelt If Tilth eikle

Fredtransform transform into
back effective Hamiltonian effective frame
dependence

on micromotion
final time If
within periodT

differentialform

Hey eik Hee e
it

iteike te
ikeel

Floquet states and quasienergies

evolution of state by one driving period

III T T e
i text h

U unitary
eigenvalues Floquetmultiplier

e
i
Entity

multi valued quasienergies En

Hy In En th En define mod hw
p with w 2

really Into






































































































































take arbitrary initial state 1412.17
and expand in eigenbasis U Iott To

1412017 2 In 5h14 Tol
I An

an In

evolve state in time

14 T ACT To YET
see definition

an e ikttltle itflt.tl tiny of kick operator

an e
ikttt.tl

e
iEnce ta h

in

ane
i En't Tol h lance

time independent coefficients

with Floquet modes

lance e
i Edt

In are gauge

dependant
lancet Un TTT

Floquet states stationary
states of

Ince e
Ence Tol h

lance
time dependent

Schrodinger

equation






































































































































Observables

Time dependent expectation value of 0
in a Floquet eigenstate

Oh e YC41014,1217

sun letkittgetheelpun

oscillates at frequency of drive t higher harmonics

micromotion

in general

LOL e I COS e dz f unto lun

since ethic g e
ikeel

y g

Drive

observable

XM

gloquet Hamiltonian

To T.TT To 2T











































































































































































































































































High frequency expansion

often Hf or Helf cannot be calculated
in closed form

if there is a separation of energy scales
i e W 7 other energy scales

expand in powers of W

Hell okay i with Helf n w

ECT Iok e with K ca n w n

with Fourier components
Hce É Heeilwe

one finds

Hg Ft Heldt Ho static part

ti'd fwEtettie the

H'ft chaste little to the Itt e to He

In the tha e n 2tte.tt kitee Ith.c






































































































































and

k'd O

K Fw Inteltecilwe Hee
il we

Ill

Extended Hilbert space to not explicit

method of obtaining quasi energyspectrum 5,6

use periodicity of Flaquetmodes
Ian I Un I T

write Floquetmodes as Fourier series of discrete frequencies w Ef

14h12 e
Ent

lance

jitnett e
imac

In m

TFourier coefficient
of lance

into time dependent Schrodinger equation

Ent mhwlln.ms E Hmm In m
He
see above

En defined modhw extended Hilbertspacelovercomplete

solutions hw periodic






































































































































for example

Ace H treiwe rte iwi

V O
t Hothw V

y

g

o ut Ho o

Vt Ho hw

O rt

nearest neighbour hopping
evaluate numerically

weak driving regime high frequency regime

hw Devs

Single block see rotating wave approximation

Motha
V

Vt Ho

PPT






































































































































Lattice shaking

Laboratory frame general

Hamiltonian
Alas I'm Kate Ymca

including

T t higherbands
lattice periodic motionof
potential lattice position

separate into static and time dependant parts HH try
apply unitary transformation into rotating frame

Role e
IP me h

Bt A Bi e trace RoloHair.li itRott4Ekc4 jjjy
Hot I EP ACH

2m
t hat I

describes particle in a time dependent vectorpotential

Ale mince

transform into co movingframe with shaken lattice

Rice e
it Acela

cancel Im hate gifted
pendent

with F let mim le ALT






































































































































Tight binding approximation

restrict to lowest band
localized states on sites j
hopping between neighboring sites

assume no coupling to higher bands

in co moving frame in one dimension

ÉÉ ii Fielding
T t t t

tunnel annihilation lattice ditty
coupling on site j spacing

in rotating frame

Hot t.gs eidAhlhcjncgth.c

oscillating
phase of
tunneling matrix

engineer
complexelement tunnels
phases

use trot I RtCelHomRace it Il Race

with Rice exp f In Felde d ji

Hottel RICHto.cmRatel since it t Race Jameel






































































































































Summary

Continuum Hamiltonian Tight binding Hamiltonian

Lab frame It VE Xmca

Rotating frame P ACHI
am hath t leid hating the

Comoving frame p
am Vath F 2 I t.ffitjncjth.ci Field jig






































































































































Sinusoidal latticeshaking

Sinusoidal modulation of lattice position

Xm T Xo cos we 4

Alt mwxorincwt.to take ri wzt0
I E marx cos we 4 KI ko Coslett 0

dimensionless shaking amplitude characterizing modulation strength

w
energyoffset betweenadjacentsitesko Mw tod malxod

h driving energy

r

Imad Fel
ptmw'xod L

d






































































































































Floquet Hubbard Hamiltonians

additional static terms that are sums over

local onsite Hamiltonians can be added

energy offsets between neighboring sites

onsite interaction
no additional

local term commutes with Rn differences

frames

driven Fermi Hubbard in co moving frame

Flat folitin dirt h c t Ughiphj I e dgoing






































































































































OH resonant driving

modulation frequency larger thanother

energy scales i.e hw t U

lowest order of effective Hamiltonian rotating
frame

time average of yegg

easy in

tunneling matrix element replaced by
effective tunneling matrix element

tq tfje ikorncwetdde tJ.lk
p

zeroth order
Besselfunction

Gorg2029






































































































































Resonant driving in a Hubbardsystem withgradient

Ew thatDo
u v ftw

Driving frequency Transformation

l hw to Rj e explilwtSingp
integer

Effective Hamiltonian

Helfrot I ltffctjtndjth.ci so lhw gjig

Effective tunneling
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Artificial magnetic fields in shaken lattices

Peierls phase

tege

type

in

Beware
41
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gradient
Solution

T

4 40

t
moving 7
lattice

periodic modulation cannot be
of on site energies gauged awayof lattice






































































































































Driven two band model

static no coupling driven

Ela

ft

A
hw

I b 9 e o Ea a

Brillouin zone






































































































































Multiband Model

Martin Holthaus






































































































































TheHaldane model

DHaldane PRL67,2015 1988
TOka and HAoki PRL 79 081406 20091

6 Lotz et al Nature515,237 20141
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