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• Simulate gauge field & fermionic matter
• Simulation of 2D QLMs
• Extension to non-Abelian symm.

Our goal:

Bosonic atoms in tilted optical superlattices

Z2: Schweizer,..., Aidelsburger, Nat. Phys. 15, 1168-1173 (2019) 
U(1): A. Mil et al. Science 367, 1128-1130 (2020)

Building  
blocks: Review: Halimeh, Aidelsburger, Grusdt, Hauke, Yang, arXiv:2310.12201



Novel fermionic tweezer-lattice experiment 
- fast cycle times & local control
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Ĥ = �J

X

hi,ji

â
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• Long cycle times ~20s 
• Limited local control of tunnelings

"Cookie cut" arbitrary initial states

C. Weitenberg et al., Nature (2011)
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Tweezer-assisted state preparation

Protocol for state preparation:

• Fast cycle times by direct laser cooling 
in deep optical traps

• Initial states require rearrangement of atoms

• Cycle time few 100ms 

• Local manipulation of tunnel 

coupling in optical lattice

see also early work by C. Regal and more recently by W. Bakr, I. Bloch, J. Zeiher and Atom Computing

Programmable Bose-Hubbard system: 
Young,..., Kaufman, Science 377, 885 (2022) 
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Other hybrid lattice-tweezer experiments

Z. Yan,..., W. Bakr, PRL 129, 123201 (2022)

Programmable Fermi-
Hubbard arrays

Programmable lattices 
in bosonic quantum gas microscope

Wei,..., Bloch, Zeiher, Phys. Rev. X 13, 021042 (2023)



U(1) quantum link model in 2D  
with fermionic matter
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U(1) lattice gauge theory in 1D

Quantum electrodynamics in 1D  
lattice Schwinger model

Kogut & Susskind, PRD 11, 395 (1975) 
Chandrasekharan & Wiese, Nucl. Phys. B 492, 455 (1997)

Spin-1/2 quantum link 
model (QLM):

reduced Hilbert-space 
for link operators
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•Building block: correlated 
hopping of fermions
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• Ab initio calculations:

Surace, Fromholz, Darkwah Oppong, Dalmonte, Aidelsburger, PRX Quantum 4, 020330 (2023)



Quantum simulation with Yb atoms 
- experimental setup
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Simplified level scheme

• Long-lived clock state enables engineering 
of novel model Hamiltonians  mixtures↔

Riegger,...,Fölling, PRL 120, 143601 (2018); Darkwah Oppong,...,Fölling, PRX 12, 031026 (2022), Heinz,...,Blatt, PRL 124, 203201 (2020)

• State-dependent  
potentials with low heating

• High-resolution 
spectroscopy on clock 
transition
Kolkowitz,...,Ye,  
Nature 542, 66 (2017)

Yb atoms:
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Experimental setup

Höhn, Staub, Brochier, Darkwah Oppong, Aidelsburger, Phys. Rev. A 108, 053325 (2023) 

171Yb & 174Yb MOT

Bosonic & fermionic MOT
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Current status of the experimental setup

• 2D square lattice 
• Vertical confinement: Lattice formed 

with Kösters prism

 3D ground-state cooling in lattice→

• 532nm tweezer array 
• Fluorescence imaging (tweezer/lattice)

 State-dependent control 

 Tune-out tweezer array 

→
→
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State-dependent control

Höhn, Staub, Brochier, Darkwah Oppong, Aidelsburger, Phys. Rev. A 108, 053325 (2023) 

e-tune-out results 
in preparation!

Tune-out wavelength: 
zero-crossing of AC pol.

g-tune-out 
measured!



Direct laser cooling on the  
ultra-narrow optical clock



2D clock cooling
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• Two independent clock beams along 
horizontal lattice axis 

• One repumping beam to 3D1 co-
propagating with clock 1

E. Curtis et al., Phys. Rev. A 64, 031043 (2001); N. Nemitz et al., Nat. Phot. 10, 258 (2016)



2D clock cooling

Experimental setup:

• Two independent clock beams along 
horizontal lattice axis 

• One repumping beam to 3D1 co-
propagating with clock 1

Resolved 
sideband cooling

E. Curtis et al., Phys. Rev. A 64, 031043 (2001); N. Nemitz et al., Nat. Phot. 10, 258 (2016)
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2D clock cooling

Cooling with frequency sweep:

x15 
…

Clock 1:

Intensity

Frequency

x15 
…

Clock 2:

x10

 Sweeping the sideband detuning→
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Summary & Outlook

Outlook: Simulating U(1) LGTs with fermionic Yb

•Extended lattices in 1&2D

•Possible extension to non-Abelian using SU(N) 
sym. interactions 171Yb (I=1/2), 173Yb (I=5/2)

Novel fermionic hybrid tweezer-lattice experiment

•3D magic optical lattice

•State-dependent local control using tweezer

•Sideband cooling to ground state

Höhn, Staub, Brochier, Darkwah Oppong, Aidelsburger, Phys. Rev. A 108, 053325 (2023)  
Surace, Fromholz, Darkwah Oppong, Dalmonte, Aidelsburger, PRX Quantum 4, 020330 (2023)

Next: single-plane loading + single-atom imaging
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Yb hybrid tweezer-lattice
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Cs Quantum  
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