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Quantum simulation Quantum computing

Frontiers of Quantum Science

Can we harness the power of quantum systems to learn new things 
about nature and develop new technology?



Frontiers of Quantum Science

Several platforms: ions, atoms, superconductors, photons, defects…

Images from: Blatt, Bloch, Google, Jian-Wei Pan groups

Our approach: individual neutral atoms

• Excellent isolation from the environment

• Well-developed toolbox:
• Initialization, readout
• Strong, switchable Rydberg interactions

• Highly scalable defect-free arrays (hundreds of atoms)
• Tunable system parameters 
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Initial loading: After sorting:

Perfect 300 atom array!

> 99% filling
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1) Programmable 2D arrays of neutral atoms



Rydberg states and long-range interactions

size ~ 0.2 nm

size > 200nm

van der Waals interactions ∝ 1/𝑅6
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1) Programmable 2D arrays of neutral atoms
2) with strong long-range interactions

van der Waals interactions ∝ 1/𝑅6



drive term detuning interaction
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P. Scholl et al., Programmable quantum simulation of 2D antiferromagnets with hundreds of Rydberg atoms, arXiv:2012.12268 (2020)

Δ > 0
Maximize number of 

disconnected Rydberg atoms

Many-Body ground state

antiferromagnetic 
state

D. Bluvstein et al., Controlling quantum many-body dynamics in driven Rydberg atom arrays, Science 371, 1355 (2021)

Rydberg blockade and 
quantum many-body phases

𝑛𝑖 = |𝑟𝑖⟩⟨𝑟𝑖|

S. Ebadi et al., Quantum Phases of Matter on a 256-Atom Programmable Quantum Simulator, arXiv:2012.12281 (2020)
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spin 1/2 particles with AF interactions
on a frustrated lattice

?

+ + …

P. W. Anderson, Science 235 (1987)

resonating valence bond (RVB) state

o no spatial order

o topological order

o long-range quantum entanglement

o anyonic non-local excitations with fractional quantum numbers

o emergent gauge fields

o robust ground state degeneracy

o link with high-𝑇𝑐 superconductivity

o application to fault-tolerant quantum computing → toric code

5200+ citations
9000+ citations

No conclusive experimental evidence in 
any system to date

𝑍

𝑋

Quantum spin liquids



Towards topological phases in frustrated lattices of Rydberg atoms

Emergent solid and liquid 
‘dimer’ phases 

in frustrated lattices
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+ +⋯

Rydberg atoms on a ruby lattice – dimer model

     

𝑛 = 1/4

dimer model

quantum spin liquid state: superposition of all dimer coverings

ℤ2 topological order

RVB state

R. Verresen, M. Lukin and A. Vishwanath, arXiv:2011.12310 (2020)
P. Anderson, Materials Research Bulletin 8 (1973)

219 atoms

G. Semeghini et al., arXiv:2104.04119 (2021)



Rydberg atoms on a ruby lattice – dimer model

𝑛 = 1/4

dimer model

+ +⋯

ℤ2 topological order

RVB state

P. Anderson, Materials Research Bulletin 8 (1973)

219 atoms

     

quantum spin liquid state: superposition of all dimer coverings

R. Verresen, M. Lukin and A. Vishwanath, arXiv:2011.12310 (2020)
G. Semeghini et al., arXiv:2104.04119 (2021)



Quasi-adiabatic preparation of a dimer phase

⟨𝑍⟩ = −1 # enclosed vertices

  

    

  

  

    

  

diagonal string operator 𝑍:

topological string 
operators associated with 
a ℤ2 quantum spin liquid 

(toric code)

parity of dimers along a string

𝑍 = −1

𝑍
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1/4 filling
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Quasi-adiabatic preparation of a dimer phase

⟨𝑍⟩ = −1 # enclosed vertices

  

    

  

  

    

  

diagonal string operator 𝑍:

parity of dimers along a string

𝑍 = −1

transition into an approximate dimer phase

1/4 filling

         
               

G. Semeghini et al., arXiv:2104.04119 (2021)



Probing coherence: off-diagonal string operator

    

 

off-diagonal string operator 𝑋:

   

   > 0      
coherence between 
dimer coverings

R. Verresen, M. Lukin and A. Vishwanath, arXiv:2011.12310 (2020)
G. Semeghini et al., arXiv:2104.04119 (2021)
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onset of a quantum spin liquid phase!

• |⟨𝑍𝑙𝑜𝑜𝑝⟩| > 0 ⟶ dimer phase

• 𝑋𝑙𝑜𝑜𝑝 > 0 ⟶ coherent superposition
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Towards topological states – array with a hole

non-trivial topology

two distinct topological sectors

transition graph:
|𝐴⟩ ∪ |𝐵⟩

G. Semeghini et al., arXiv:2104.04119 (2021)
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first steps towards a topological qubit!

related work from Google Quantum AI: 
K. J. Satzinger et al., arXiv:2104.01180 (2021)  



Summary

1) Transition into a dimer phase with no local order 

2) Experimental evidence for coherent superposition of 

dimer coverings

3) First signatures of non-trivial topological order 

4) Exciting opportunities for experimental exploration of 

topological states of matter!
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Image: Sci Am (2006)

can be 
implemented 
using laser 
beams!

Open questions

1) Origin of the observed QSL: metastable state?

2) Improving state preparation and measurement of string operators

3) Encoding and manipulating topological qubits

4) Implications for topological matter in other systems, e.g. 2D materials
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