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Topic Lecture Outline

Floquet Topological Quantum Matter & Quantum Gas Microscopy 
Topological Matter, Floquet Systems, Anomalous Floquet  
Topological Systems, Quantum Gas Microscopy,  
Dynamical Spin-Charge Fractionalisation
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Quantum Simulation & Computing using Ultracold Atoms

Potentials, Interactions, Gates, Models….1

Quantum Matter Out-Of-Equilibrium

Many Body Localisation, Thermalization, Measuring Entanglement Entropy, 
Fluctuation Hydrodynamics, Anomalous Spin Transport (KPZ)
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Interaction Control

Collisional  
(onsite few kHz)

Dipolar 
Magnetic or Electric 

(several sites Hz to 10 kHz)

Rydberg Dipole-Dipole 
(several sites 1-500 MHz)

Cavity Mediated 
(All-to-All few Hz-kHz) 



courtesy: T. W. Hänsch

System size: up to few thousands of particles

Particles: Fermions, Bosons, Mixtures

Spin degree of freedom:

Mobility: itinerant or static

1S0

3P0

Hyperfine  
(Microwave)

Clock  
(Optical)



Introduction Primer on Optical Lattices

laser

optical standing wave

<latexit sha1_base64="CNjIX24Njhz4UxPLTUigvTE0DA0="></latexit>

w ⇠ 2p ⇥ (10 kHz � 1MHz)
<latexit sha1_base64="cuwbSb4Euk61RG3my6blOK7HirU="></latexit>

s ⇠ 10 nm � 100 nm

<latexit sha1_base64="wlmbtgHboXYyKxt0imd07Ecam2Q="></latexit>

t/h ⇠ 100 Hz � 5 kHz

<latexit sha1_base64="cpMryL1be4peCIBUcsLmBrTE7nY="></latexit>

a = 250 nm � 1 µm

Full dynamical control over lattice depth, geometry, dimensionality!

Fourier synthesize aribtrary lattices:

• Square
• Hexagonal/Triangular/Brick Wall
• Kagomé
• Superlattices
• Spin dependent lattices
• Flux Lattices 
...



Programmable Lattices Flexible Lattice Geometry (I)

Phase stable setups yield 
Square, Triangular, Hexagonal, Dimerised Lattices



Programmable Lattices Flexible Lattice Geometry (II)

Blocking out sites gives additional flexibility:  
Lieb lattice, Hexagonal, Kagome, Zig Zag,….



Plattformen Single Atoms in Optical Tweezers

Flexible and dynamic trap geometries

Tweezer Aufbau
Neutral Atoms in Optical Tweezers

• Several 100 atoms, individually addressable  
via focused laser beams


• Entanglement  via Rydberg-Rydberg 
Interactions (see discussion on interactions)

Averaged 

L~ 100 µm

Hyperboloi Möbius 

Torus Eiffel 

ConC84  fullerene-

Barredo et al., Nature (2018)
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See also: Lukin (Harvard), Endres (Caltech), Thompson (Princeton), Kaufman (JILA), Bernien (Chicago), Zeiher (MPQ)….



Flexible Geomtry
Dynamical
Homogeneity
Larger Spacing

Zoe Z. Yan,…,W. Bakr, Phys. Rev. Lett. 129, 123201 (2022)

Hubbard Regime Tweezer Arrays



Collisional Interactions



B



Interacting Bosons & Fermions on a Lattice
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Bose-Hubbard

Fermi-Hubbard

to the Heisenberg spin-1/2 model (half filling, strong interactions)

J =
4t2

U
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H = J Â
hi,ji

Si · Sj
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(Or more generally XXZ Hamiltonian)



Collisional Quantum Gates

D. Jaksch, et al. Phys. Rev. Lett. 82, 1975 (1999)

O. Mandel, et al.  Nature 425, 937 (2003)
 B. Yang, B. et al. Science 369, 550 (2020)


Zhang, W.-Y. et al. arXiv:2210.02936 

Two-Qubit Gate Fidelity  
SQRT(SWAP) = 99.3% 



van der Waals radius ~ 0.250 nm

Nucleus

P-orbital

S-orbital

Rydberg orbital
radius ~ 300 nm for n ~ 60

drawing not to scale!

Giant Rydberg Atoms





Rydberg - Direct Exchange Interactions



Rydberg - van der Waals
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Rydberg - Summary



Rydberg Blockade



Sequential pulses

control target control target

E. Urban et al., Nat. Phys. 5, 110 (2009)

Controlled-Phase Gate
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