
Thierry Lahaye 
Laboratoire Charles Fabry 

CNRS & Institut d’Optique, Palaiseau, France  

Séminaire quantique, ONERA 

June 1st,  2023 

Studying spin models 

with arrays of single Rydberg atoms 



https://atom-tweezers-io.org/  

Collaborators (theory):  

H.-P. Büchler (Stuttgart), A. Läuchli (Innsbruck),  

N. Yao (Harvard), T. Roscilde (ENS Lyon) 

The Rydberg team in Palaiseau 

Funding: 

Antoine 

Browaeys 

Thierry 

Lahaye 

Florence 

Nogrette 

Guillaume 

Bornet 

Cheng 

Chen 

Gabriel 

Emperauger 

Daniel 

Barredo 

Jamie 

Boyd 

Bastien 

Gély 



Arrays of single Rydberg atoms 

 Implement spin models 

Ising (vdW interactions)     XY (resonant dipole-dipole interaction)  

 Arrays of single atoms with arbitrary geometries 

 
Up to 300 atoms 

Spacing: a few microns 

 Strong interactions via Rydberg excitation 

 

  Interaction strength 1 to 10 MHz for R ~ 5 µm  

  Lifetime 100s of µs 
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Experimental setup 





Optical tweezers 

Focused, far detuned laser beam 

𝑈dip

𝑘𝐵
 ∼ 1 mK 

1/e2 radius ∼ 1 µm 

Aspheric lens 

(NA = 0.5) 



Trap  

850 nm MOT 

780 nm 

Fluo. 
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0 atom 

1 atom 

Time (s) 

 1 µm waist optical tweezers 

loaded from MOT 

 

 

 At most one atom due to  

light-assisted collisions 

 

 

 50% loading probability:  

 

Non-deterministic  

single-atom source! 

 

 

Aspheric lens 

(NA = 0.5) 

 

Single atoms in optical tweezers 

Schlosser et al., Nature 2001 



Trap  

850 nm 
MOT 

780 nm 

Nogrette et al., PRX 4, 021034 1021 (2014) 

Single shot: 50% filling 

Traps 
Average  

fluo. 

Arrays of single atoms 
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Arrays of single atoms 



Atom-by-atom assembly 

Check image 
Move atoms 

with 2d AOD 
Compute 

moves 
Initial image 

Load 2N traps 
with ~ N atoms 

< 1 ms ~1 ms 

per move 

Total assembly time ~ 50 ms 

 Fully loaded arrays up to 50 atoms 

 98% filling fraction 

 Rep. rate up to ~ 4 Hz 

Barredo et al., Science 354, 1021 (2016) 

See also:  

Endres et al., Science 354, 1024 (2016) 

Kim et al., Nature Comm. 7, 13317 (2016) 



New assembler algorithms: 

Schymik et al., PRA 102, 063107 (2020) 

(averaged) 

Filling fraction > 99 % 

Probability of defect-free shots ~ 40 % 

For N = 100 atoms: 

Flexible geometries 

Advanced algorithms (A. Cooper-Roy): 

 

Cimring et al., arXiv:2212.03885 

El Sabeh et al., arXiv:2212.05586  



A cryogenic setup 

Trapping lifetime > 6000 s !  

K.N. Schymik et al, Phys. Rev. Applied 16 034013 (2021) 



Defect-free arrays with 324 atoms 

K.-N. Schymik et al., Phys. Rev. A 106, 022611 (2022). 

• New procedure to optimize trap 

loading 

 

• Main limitation: field of view of 

objectives 



Rydberg atoms 

Large principal quantum number: 

Exaggerated properties: 

Lifetime (hundreds of µs) 

Polarizability 

Interactions 

Electric dipole 

Energies 



Rydberg excitation 

1013 nm 

421nm 

5S – nS Rabi oscillations 



Rydberg atoms: microwave transitions 

1013 nm 

421nm 

10 GHz 

nS – nP Rabi oscillations 



Experimental sequence 

Load traps, 1st image,  

assemble array, 2nd image (~ 500 ms) 

Rydberg excitation & 

quantum dynamics 

(a few µs) 

Readout (50 ms) 

Rydberg atoms 

not recaptured 

Moving tweezers 

Traps 

Rydberg excitation lasers 
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Experimental sequence 

Load traps, 1st image,  

assemble array, 2nd image (~ 500 ms) 

Rydberg excitation & 

quantum dynamics 

(a few µs) 

Readout (50 ms) 

Rydberg atoms 

not recaptured 

Moving tweezers 

Traps 

Rydberg excitation lasers 

100 - 300 

repetitions 

for each point 

One or two hours 

per curve! 



Interactions between Rydberg states 
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van der Waals 

Ising-like interaction 



Interactions between Rydberg states 
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Resonant DDI 
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van der Waals 

XY interaction (flip-flop) Ising-like interaction 



Quantum simulation of the Ising model 

P. Scholl et al., Nature 595, 233 (2021) 
Andreas Läuchli  

(PSI & EPFL) 



Many experiments using vdW interactions 

P. Scholl et al., Nature 595, 233 (2021). 

And many, many more examples!  

G. Semeghini et al., Science 374, 1242 (2021)  

Bernien et al., Nature 551, 579 (2017)  P. Schauss et al., Nature 491, 87 (2012)  



Rydberg blockade 

One atom 



Rydberg blockade 

Blockade radius: 

One atom 

Two atoms 



Rydberg blockade 

 Generate entanglement 

 Basis of two-qubit gates 

 Extends to N atoms in a blockade volume 

One atom 

Two atoms 

D. Jaksch et al. PRL 2000 



Rydberg blockade 

Several blockade volumes in the array: 

 

Strongly correlated quantum many-body systems! 



Rabi frequency Laser detuning van der Waals interactions 

Blockade: quantum Ising model 



Transverse B Longitudinal B Ising couplings 

Blockade: quantum Ising model 



Ising model: adiabatic preparation 

Nearest-neighbor blockade 



Ising model: adiabatic preparation 

Nearest-neighbor blockade Antiferromagnetic ground state 



Ising model: adiabatic preparation 

Nearest-neighbor blockade Antiferromagnetic ground state 



Ising model: adiabatic preparation 

Ising AF phase diagram 

AF 

PM 



Vary slowly Rabi frequency and detuning 

to explore the phase diagram 

Ising model: adiabatic preparation 

Ising AF phase diagram 

AF 

PM 



‘Adiabatic’ preparation 

on a square array 

6×6  

square array 

P
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State  
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8 

236 ≈ 7. 1010 states! 
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236 ≈ 7. 1010 states! 

Perfect AF ordering! 

 

(1 shot in 500) 
sweep 

10×10  



Correlation functions 

10×10 array 14×14 array 

P. Scholl et al., Nature 595, 233 (2021) 



Quantum simulation of the XY model 



Quantum simulation of the XY model 

Theory support:    

T. Roscilde  F. Mezzacapo 

(Lyon) 

N. Yao 

(Harvard) 

M. Bintz 

V. Liu 

S. Chatterjee 



J 
microwave 
coupling 

Resonant dipole-dipole interaction 



Barredo et al., PRL 114, 113002 (2015)  

J 
microwave 
coupling 

Resonant dipole-dipole interaction 



N atoms: XY model 

Barredo et al., PRL 114, 113002 (2015)  

J 
microwave 
coupling 

Resonant dipole-dipole interaction 



Studies conducted using the resonant dipole-dipole interaction: 

J 
microwave 
coupling 

 Preparation of a many-body topological phase 
            
 Implementation of a density-dependent Peierls phase 

 
 Floquet engineering of XXZ Hamiltonians  

de Léséleuc et al., Science 365, 775 (2019)  

Lienhard et al., PRX 10, 021031 (2020) 

Scholl et al., PRX Quantum 3, 02303 (2022) 

Resonant dipole-dipole interaction 



Ising vs. XY model 

Ising model 

AFM 

Ground state =  
classical Néel configurations 



XY model 

Ising vs. XY model 

Ising model 

AFM 

Ground state =  
classical Néel configurations 



XY model 

Competing order along x / along y  

Ising vs. XY model 
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Ising model 

AFM 

Ground state =  
classical Néel configurations 

XY model 

Ising vs. XY model 



XY model 

Ground state =  
non-classical entangled state 

Ising vs. XY model 

Ising model 

AFM 

Ground state =  
classical Néel configurations 



Ansätze wavefunctions 

XY ferromagnet 

symmetry continuous 

conserved 

XY on square lattice (1/2 filling) 



XY ferromagnet 

Expect:  

Ansätze wavefunctions 
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XY on square lattice (1/2 filling) 
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XY ferromagnet XY antiferromagnet 

Expect:  

Ansätze wavefunctions 
symmetry continuous 

conserved 

XY on square lattice (1/2 filling) 



Preparing FM and AFM XY magnets 

C. Chen et al., Nature 616, 691 (2023) 



Start from: 

staggered 

Preparing XY ferro- and antiferromagnets 



Start from: 

staggered 

1. Prepare a classical Néel state along z: checkerboard pattern 

apply local light-shift  
(2nd SLM)  

+  
microwaves 

Sørensen et al., PRA 81, 061603(R) (2010)  

Preparing XY ferro- and antiferromagnets 



Start from: 

staggered 

2. Adiabatically decrease 𝛿 to “melt” into XY AF/F 

F 

AF 

Sørensen et al., PRA 81, 061603(R) (2010)  

Preparing XY ferro- and antiferromagnets 



Ferromagnet 

Antiferromagnet 

time 

read-out 

42 atoms Light-shift 𝛿  

Preparing XY ferro- and antiferromagnets 



Ferromagnet 

Antiferromagnet 

MW π/2 pulse:  
readout in x-basis 

time 

read-out 

42 atoms Light-shift 𝛿  

Preparing XY ferro- and antiferromagnets 



Ferromagnet 

Antiferromagnet 

Light-shift 𝛿  

time 

read-out 

42 atoms 

If only NN interactions: 

Preparing XY ferro- and antiferromagnets 



Ferromagnet 

Antiferromagnet 

Light-shift 𝛿  

time 

read-out 

42 atoms 

If only NN interactions: 

Long-range dipolar interactions: 

AFM weakly frustrated  
interactions 

Preparing XY ferro- and antiferromagnets 



42 atoms 

x-basis time 

read-out 

Light-shift 𝛿  

Ferromagnet 

Antiferromagnet 

Preparing XY ferro- and antiferromagnets 



100 atoms 

x-basis time 

read-out 

Light-shift 𝛿  

Ferromagnet 

Antiferromagnet 

Ferromagnet: 
Long-range order 

Antiferromagnet: 
Correlations decay to 0 

interactions 

Crucial role of 

C. Chen et al., Nature 616, 691 (2023) 

LRO for the FM case 



Scalable spin squeezing  

in the dipolar XY model 

G. Bornet et al., arXiv:2303.08053 



Scalable spin squeezing  

in the dipolar XY model 

G. Bornet et al., arXiv:2303.08053 

Similar results 
 
• Trapped ions: arXiv:2303.10688 (C. Roos) 
• Dressed Rydberg atoms:  arXiv:2303.08078 (A. Kaufman), arXiv:2303.08805 (M. Schleier-Smith) 



Bollinger, Science 2016 

Ion crystal (~OAT) 

Bose-Einstein condensate (OAT) 

Cavity QED + cold atoms (OAT) 

Polzik (1999), Giacobino, Mitchell, Nascimbene… 

Hot / cold atomic vapors 

Pezzé et al., RMP 2018 

Vuletic, Kasevich, Thompson (JILA), Je,  
Schleier-Smith… 
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Experimental observations of spin squeezing 
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z 

coherent 
spin state 

Spin squeezing in OAT and dipolar XY 
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Metrological gain in Ramsey interf.:  
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Wineland, PRA 1994 

Spin squeezing in OAT and dipolar XY 
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x 

z One-axis twisting model 

Dipolar XY: “same” structure 

coherent 
spin state Squeezed 

Wineland, PRA 1994 

Is 1/r3 long-range enough to generate squeezing? 

Spin squeezing in OAT and dipolar XY 



Metrological gain in Ramsey interf.:  

x 

z One-axis twisting model 

Dipolar XY: “same” structure 

Is 1/r3 long-range enough to generate squeezing? 

Prediction: yes! And should scale:  

3

↵ = 3 for Rydberg atoms, with metrological qualit ies of

the produced states that have the same scaling behavior

as in the ideal case of the OAT dynamics. This result

is far from trivial, as the OAT model is integrable (with

non-thermalizing dynamics), while the dipolar Hamilto-

nian is expected to be chaot ic (see discussion below).

Time-dependent variational dynamics. To invest igate

the scalable product ion of entangled states along the dy-

namics generated by the dipolar XX model, we com-

pute the exact dynamics up to N = 20 qubits [29, 30],

and for larger N we employ a t ime-dependent Varia-

t ional Monte Carlo (tVMC) scheme [31, 32], based on

the pair-product (or spin-Jastrow) wavefunct ion [33]

| (t)i = :
P

σ

Q
j 6= k cj k (σj ,σk ; t)|σ i , whereσi is the state

of the i -th spin on the computat ional basis (eigenbasis of

Sz
i ). The evolut ion of the pair coefficients cj k is dictated

by the t ime-dependent variat ional principle. This wave-

funct ion capturesexactly thedynamicsof theOAT model

[34]; as shown in the Supplemental Material (SM) [35],

it remains ext remely accurate in the case ↵ = 3 on pla-

nar lat t ices, when compared with exact calculat ions for

small lat t ices; and it allows us to push the calculat ion of

the dynamics to sizes N ⇠ 100 and to reach macroscopic

evolut ion t imes tJ ⇠ O(N ) thanks to its small number

of variat ional parameters (O(N ) with t ranslat ional sym-

metry).

OAT-like dynamics of a planar dipolar array. To

establish a first link between the OAT dynamics and

the dynamics of the dipolar XX model, we invest igate

the t ime evolut ion of the average collect ive spin, whose

only component which is not ident ically zero is hJ x i (t).

Fig. 1(b) shows the t ime evolut ion of hJ x i , exhibit ing

the characterist ic pat tern of the OAT dynamics, with an

inversion of the collect ive spin orientat ion at t ime t inv fol-

lowed by a revival of the original orientat ion at t ime t rev .

These two events occur at t imes 2⇡ I and 4⇡ I in the OAT

dynamics, and therefore they allow us to define an e↵ec-

tive, size-dependent moment of inert ia I
(e↵ )

N for the dipo-

lar system such that t inv = 2⇡ I
(e↵ )

N and t rev = 4⇡ I
(e↵ )

N .

The e↵ect ive moment of inert ia I
(e↵ )

N for the dipolar

square and triangular lat t ices is shown in Fig. 1(c), and it

is found to scale linearly with N ; in part icular the trian-

gular lat t ice has a smaller I
(e↵ )
N due to its higher connec-

t ivity, guaranteeing a faster dynamics. In fact , as further

discussed in the SM [35], I
(e↵ )

N can be predicted ab-initio

by inspect ing the low-energy excitat ion spect rum for a

small system (N = 16); and recognizing in it the charac-

terist ic planar rotor spect rum (known as Anderson tower

of states [34, 36, 37]). This allows us to ext ract the mo-

ment of inert ia I
(e↵ )

N = 16, which can then be appropriately

rescaled to an arbit rary size N by using Kac renormal-

izat ion factors, in very good agreement with the moment

of inert ia extracted direct ly from the t ime dependence of

system of size N (see Fig. 1(c)). The Fourier t ransform of

hJ x i (t) further reveals the nature of the low-lying energy

spect rum of the system as that of a planar rotor: indeed,

as J x connects states with J z = M di↵ering by one unit ,

one expects [35] to see characterist ic frequencies with en-

ergies ! I
(e↵ )

N = [(M + 1)2 − M 2]/ 2 = M + 1/ 2, which is

precisely what is observed in Fig. 1(c).
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FIG. 2: (a) Evolut ion of the spin squeezing parameter for

the dipolar XX model on a square lat t ice – the circles mark
the opt imum; (b) scaling of the opt imal squeezing value and

opt imal squeezing t ime (with Kac normalizat ion K
( ↵ )

N [35]),

showing exponents ⌫= 0.72 and µ = 0.36 (to be compared
with ⌫= 2/ 3 and µ = 1/ 3 for the OAT model).

Squeezed states and OAT scaling. The first class of

mult ipart ite entangled states produced by the Hamilto-

nian dynamics is represented by spin squeezed states:

Fig. 2 shows the t ime evolut ion for the squeezing param-

eter for various system sizes: clearly scalable squeezing

is exhibited, with opt imal squeezing t ime and opt imal

squeezing scaling in a way which is compat ible with the

behavior of OAT model. Our results are consistent with

those of Ref. [38], based on an independent semiclassical

calculat ion.

Multi-headed and double-headed cat states. The

squeezing dynamics is followed by the generat ion of over-

squeezed states: their entanglement pat tern is best rec-

ognizable at t imes 2⇡ I (e↵ ) / q, at which these states are

expected to take the form of q-cats (see Fig. 3(a) for a

sketch). In order to detect the appearance of a q-cat ,

we inspect the probability dist ribut ion P (J x ) for the J x

spin component [39], reconst ructed via exact calculat ions

in Fig. 3(b) (while in [35] we show a tVMC study of the

overlap with the |q− cat i states). At t imes 2⇡ I (e↵ ) / q the

P (J x ) dist ribut ion exhibits a mult i-peaked st ructure, re-

flect ing the appearance of a q-cat as superposit ion of sev-

eral CSS with discrete project ions along the J x axis. In

part icular we observe a characterist ic 4-peak structure

for the q = 6 cat state, a 3-peak st ructure for the q = 4

cat state, and a 2-peak structure for the q = 2 cat / GHZ

state. In the lat ter case, the dist ribut ion associated with

the ideal cat state would be P (J x ) = 1/ 2 for J x = ± N/ 2

and zero otherwise, while the dipolar cat state exhibits

instead two peaks with a tail. Nonetheless, as shown in

Fig. 3(c), the tail in quest ion decays exponent ially when

moving away from themaxima; this localized st ructure of

the dist ribut ion around the maxima has important con-

coherent 
spin state Squeezed 

M.P.A Jones & T. Pohl, PRL (2014) 
A-M. Rey, PRL (2020) 
T. Roscilde, PRL 129, 150503 (2022) 
N. Yao, arXiv:2301.09636 

Wineland, PRA 1994 

Roscilde  
PRL (2022) 

Spin squeezing in OAT and dipolar XY 
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Dipolar spin squeezing with Rydberg atoms 
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Scaling of the squeezing with the atom number 



Conclusion: scalable squeezing!! 

Comparin et al., PRL 129, 150503 (2022) 
Block et al., arXiv:2301.09636 
Roscilde et al., arXiv:2303.00380 

Scaling of the squeezing with the atom number 



Pezzé et al., RMP 2018 

Scaling of the squeezing with the atom number 



Pezzé et al., RMP 2018 

Scaling of the squeezing with the atom number 



Increasing the squeezing lifetime 

Spin-squeezed state only transient… How to prolong its lifetime? 

Two-step squeezing 



Increasing the squeezing lifetime 

Spin-squeezed state only transient… How to prolong its lifetime? 

Two-step squeezing 

“Squeeze and freeze” 



Future directions 



Future directions with RDDI 

XY models: 

 

• “Quench spectroscopy”: elementary excitations of FM and AFM 

 

 

 

Theory (tVMC) 

AFM 

FM 



Future directions with RDDI 

XY models: 

 

• “Quench spectroscopy”: elementary excitations of FM and AFM 

 

• On Kagome arrays: Spin liquids (Dirac, Chiral) 

 

• Spin transport 

 

 

Beyond XY:  

 

• Topological matter with RDDI  

Weber et al., PRX Quantum 3, 030302 (2022) 

 

• Floquet engineering of exotic spin models (DM interaction…) 

 

 



Conclusion 

 Rydberg arrays: ideal platform for quantum simulation of spin models 

 

 Quantum computing:  fidelities steadily improving  

      (Harvard, Caltech, Wisconsin, etc.) 
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Thanks for your attention! 




