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Technological relevance
• High-Tc superconductivity
• Magnetism
• Novel quantum sensors
• Quantum technologies

THE CHALLENGE OF MANY-BODY QUANTUM SYSTEMS

Fundamental interest
• Parameter changes
• Benchmark theories
• Often even “simple“ models not solvable
• Discern different effects

Understand and design quantum materials
One of the biggest challenges 

of 21st century quantum physics



THE CHALLENGE OF MANY-BODY QUANTUM SYSTEMS

R. P. Feynman’s vision
A quantum simulator to study 
the properties of an another 

quantum system



QUANTUM SIMULATION

Lattice constant: ~Å

Densities: ~1025/cm3

Temperatures: ~K

Same quantum regime:
l/d >1

Universality of quantum mechanics!

Real materials Ultracold quantum matter

Lattice constant: ~μm

Densities: ~1014/cm3

Temperatures: ~nK



OPTICAL LATTICES

Full parameter control: 
• Tunneling
• Interactions
• Density
• Temperature

Optical lattices realize Bose-Hubbard Hamiltonian:

Prediction: 
Superfluid–Mott insulator 

transition should be 
reachable



Hensch group (MPQ Munich)
M. Greiner et al., Nature 415, 39 (2002)

SUPERFLUID–MOTT INSULATOR TRANSITION
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Very precise:

>99% readout fidelity

SITE-RESOLVED READOUT

Earlier work in groups:
D. Meschede (Bonn)
D. Weiss (Penn state)
H. Ott (Kaiserslautern)



SITE-RESOLVED ADRESSING

Bloch group (MPQ Munich)
C. Weitenberg et al., Nature 471, 322 (2011)



SITE-RESOLVED ADRESSING



ENTANGLEMENT AND STATE PURITY
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Superfluid Mott insulator

quantum phase 
transition

BOSONIC MOTT INSULATORS



Bloch group (MPQ Munich)
J. Sherson et al., Nature 467, 68 (2010)

BOSONIC MOTT INSULATORS



Bloch group (MPQ Munich)
M. Endres et al., Science 334, 200 (2011)

PARTICLE-HOLE PAIRS
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M. Parsons et al., PRL 114, 213002 (2015) 



Preparation Sequence

• Balanced two-component spin mix of
        Li-6 in hyperfine |1> and |2> states
• Atom numbers: N = 100-1000
• Repulse interactions: a = 37-515 a0

• 1064nm optical lattice 
• Lattice depth: 7– 16 ER

Experimental Parameters

• Load atoms into single 2D Layer
• Evaporate Under Magnetic Gradient
• Set Interactions
• Load Lattice
• Atom Pinning & Imaging

D. Greif et al., Science 351, 953 (2016) 



D. Greif et al., Science 351, 953 (2016) 



Metal

Density
Ordering

Spin
Ordering

Temperature

U>>t

Exchange
J = 4t2/U

QUANTUM MAGNETISM



A. Mazurenko et al., Nature 545, 462 (2017) 

|"i only Temperature: T/t = 0.25
T/J = 0.5

ANTIFERROMAGNETIC ORDER
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2D: exponential decay 
of correlations expected

Classical Quantum

Mclas(T ! 0) = 1 Mqm(T ! 0) = 0.6

?

ANTIFERROMAGNETIC ORDER



Greiner group (Harvard)
A. Mazurenko et al., Nature 545, 462 (2017)

QUANTUM ANTIFERROMAGNET



Bloch group (MPQ Munich)
J. Koepsell et al., Nature 572, 358 (2019)

DOPING AN ANTIFERROMAGNET

No numerics possible: 
Many open questions 

about the phase diagram

Controlled doping

➔ Gain microscopic understanding of
high-Tc superconductivity
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DIPOLAR ATOMS

Permanent magnetic dipole moment
➔ <30Hz interactions over neighboring sites



DIPOLAR MOLECULES

Permanent electric dipole moment
➔ kHz interactions over neighboring sites



RYDBERG INTERACTIONS

Bloch group (MPQ Munich)
T. Fukuhara et al., Nature Phys. 9, 235 (2013) Lukin group (Harvard)

H. Bernien et al., Nature 551, 581 (2017)

Extremely large dipole moments
➔ MHz interactions over several um
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Jian-Wei Pan group (Heidelberg)
B. Yang et al., Science 369, 550 (2020)

QUANTUM INFORMATION

Zwierlein group (MIT)
T. Hartke et al., Nature 601, 537(2022)

Competitive with other quantum 
computing platforms!



Jochim group (Heidelberg)

HUBBARD TWEEZERS

Bakr group (Princeton)



SUMMARY

Study strongly correlated systems

Tunable parameters AND microscopic control

Poor electron-qubit mapping
in quantum computers

Need for controlled fermionic systems
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