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A fruitful idea: the Rydberg Blockade
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Blockade   entanglement and gates!!

A fruitful idea: the Rydberg Blockade



Atomic ensembles

Individual atoms

Blockade + collective excitation 2
Gaétan et al., Nat. Phys. 5, 115 (2009)

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

Gould, PRL 2004  Martin, PRL 2004
Weidemuller, PRL 2004 Pillet, PRL 2006

Raithel, PRL 2005
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BEC

The first blockade experiments



1. A bit of plumbing…: Rydberg excitation and detection

2. Interactions between Rydberg atoms and spin models

• “Natural”: Ising and XY Hamiltonians

• Application to hardcore bosons, t – J model

• Engineered: XYZ (Floquet), Rydberg dressing

Outline – Lecture 2



Coherent optical Rydberg excitation (n = 50 – 100)
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Global excitation

Light-shift: 

Effective Rabi frequency:



Coherent optical Rydberg excitation (n = 50 – 100)

87Rb

Light-shift: 

Effective Rabi frequency:

Global excitation



Coherent optical Rydberg excitation (n = 50 – 100)

87Rb

Optical rabi oscillations (Ω = 0.5 – 5 MHz)

Detection of Rydberg = atom loss
(fidelity > 96%)  

Single atom  repeat 100 times

Light-shift: 

Effective Rabi frequency:



Microwave Rabi oscillations

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

Coherent microwave manipulations (n = 50 – 100)

87Rb 16.7 GHz
Detection of Rydberg state       = 
atom loss after de-excitation of 
  
Single atom  repeat 100 times



1013 nm

87Rb

Addressable manipulation in the array with local light-shifts

Microwave manipulations are global (𝜆 ∼ cm)

de Léséleuc, PRL 119, 053202 (2017)
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Interactions between Rydberg atoms and spin models



Ising

XY model

Interacting spin ½ particles on a lattice:

Spin models: one of the “simplest” many-body systems 
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Interacting spin ½ particles on a lattice:

Spin models: one of the “simplest” many-body systems 
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photosynthesis

photons
reaction

Light scattering

Spin models = generic systems to study many-body questions:
Quantum phase transition, out-of equilibrium, topology, entanglement…

Magnetism

Transport of excitations



Ising

XY model

Interacting spin ½ particles on a lattice:

Spin models: one of the “simplest” many-body systems 

Heisenberg

excitons

photosynthesis

photons
reaction

Light scattering

Spin models = generic systems to study many-body questions:
Quantum phase transition, out-of equilibrium, topology, entanglement…

Use control over synthetic quantum systems

Magnetism

Transport of excitations



Rydberg   n1,2 = 1
Ground state  n1,2 = 0

 switchable interaction

+ +

A B

Ground state: n = 5
Rydberg:  n = 50

From van der Waals interaction to spin models…
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Ising - like!!

“Equivalent” to interaction between spins
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From van der Waals interaction to spin models…
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E

Laser: spin-spin interactions

+ +

A B

From van der Waals interaction to spin models…

Controlled parameters:
From negligible to dominant 

interactions

Transverse Field Ising model:
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Laser: spin-spin interactions
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From van der Waals interaction to spin models…

Quantum simulation: 

Emulate a system by another one

Similar equations lead to same solutions!!

Controlled parameters:
From negligible to dominant 

interactions

Transverse Field Ising model:



Resonant interaction between Rydbergs and XY spin model
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Browaeys & Lahaye, Nat.Phys. (2020)
Barredo PRL (2015), de Léséleuc, PRL (2017)



16.7 GHz

Resonant interaction between Rydbergs and XY spin model
Browaeys & Lahaye, Nat.Phys. (2020)

Barredo PRL (2015), de Léséleuc, PRL (2017)

Non radiative “exchange” of excitation



Resonant interaction between Rydbergs and XY spin model

Non radiative “exchange” of excitation

Quantization 
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Browaeys & Lahaye, Nat.Phys. (2020)
Barredo PRL (2015), de Léséleuc, PRL (2017)
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XY spin model and transport of excitations

A B
A B

Particle hopping



Electronic transport in 
polyacetylene

PRL 42, 1698 (1979)

Now, considered as simplest example of topological model

e-

Asboth, arXiv:1509.02295
Cooper, arXiv:1803.00249

The Su-Schrieffer-Heeger model



The Su-Schrieffer-Heeger model

Asboth, arXiv:1509.02295
Cooper, arXiv:1803.00249

Model: tight-binding
   dimerization: 

: chiral symmetry  symmetric single particle spectrum



Model: tight-binding
   dimerization: 

: chiral symmetry  symmetric single particle spectrum

Déléseleuc, Science 365, 775 (2019)

Quantization axis

Implementation of SSH spin chain with Rydberg atoms

Asboth, arXiv:1509.02295
Cooper, arXiv:1803.00249



Atom cannot carry 2 excitations  excitations = hard-core bosons

On-site interaction 

Spin excitation = “particle”

The first symmetry protected topological phase…
Predicted in 2012

Spin excitations interact: hard core bosons

Déléseleuc, Science 365, 775 (2019)



XY model beyond two levels: Doped magnet and t – J – V  model

Hubbard model

Doping = 0 +

Doping ≠ 0: hole motion coupled to magnetic 
background
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ier, th
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t – J model

↓ ↓ ↑ ↑

𝑡 𝑈

Auerbach, Wiley 1994



M. Qiao et al., arXiv:2501.08233

Tunability: vary 𝜃 and 𝑟

Resonant dip.-dip. S, P

vdW PP: interaction between holes

vdW S,S’: diag. (𝐽𝑧) 
and off-diag. (𝐽⊥) 

Idea: Homeier et al., PRL 2024 First-order exchange 2nd-order exchange

t – J – V  model using 3 Rydberg states
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Browaeys & Lahaye, Nat.Phys. (2020)
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Interactions between Rydberg atoms and spin models

Extend to more general XYZ spin models

A. Abragham, 
Principle of Nuclear Magnetism (1983)

Whitlock, J. Phys. B 2017

Cs2CoCl4

XXZ

Heisenberg



XY model + external (resonant) microwave field:

Naturally occuring XY interaction

Combine:

Microwave driving

Engineering the XYZ model with microwaves



Vandersypen, RMP 2006
Choi et al., PRX 10, 031002 (2020)

 averaged  hamiltonian:

 Programmable XYZ Hamiltonians!

Microwave pulse sequence         :

Time

(infinitely short pulses)

XYZ model with microwaves: Floquet engineering



2 × 20 
μm

32 atoms

Scholl, PRX Quantum 2022

y-magnetization nearly conserved

Heisenberg XXX engineering in 2D

Initial state: 

Expt: cloud of atoms
Geier, Science 2021



2 × 20 
μm

32 atoms

Scholl, PRX Quantum 2022

y-magnetization nearly conserved

Heisenberg XXX engineering in 2D

Initial state: 

SU(2) symmetry: 

Expt: cloud of atoms
Geier, Science 2021



2 × 20 
μm

32 atoms

MACE simulation
Hazzard, PRL 2014

Scholl, PRX Quantum 2022

No adjustable 
parameter,

includes MW 
imperfections

y-magnetization nearly conserved

Limitations: finite MW pulse duration + imperfections

Heisenberg XXX engineering in 2D

Initial state: 

Expt: cloud of atoms
Geier, Science 2021



Tailoring the ground-state interaction by Rydberg dressing

Idea: Bouchoule &Moelmer PRA 2002
Pupillo et al. PRL 2010

MPQ Atom in ground state no inter-site interaction

Solution: admix ground-state with Rydberg state

interactions
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Tailoring the ground-state interaction by Rydberg dressing

Idea: Bouchoule &Moelmer PRA 2002
Pupillo et al. PRL 2010

MPQ Atom in ground state no inter-site interaction

Solution: admix ground-state with Rydberg state

interactions

Softcore potential
Johnson & Rolston PRA 2010
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Rydberg dressing: first experiment and recent developments

Two atoms in tweezers For a long time: unwanted losses…

Rydberg –dressed 1D Bose-Hubbard arXiv:2405.20128

Zeiher (Nat. Phys. 2016) lattices
Porto (PRL 2016) ensemble + lattices

Also: Spin squeezing with Rydberg 
dressed interactions

A. Kaufman arXiv:2303.10668, Nature (2023)
M. Schleier-Smith PRL 131, 063401 (2023)

Dressing!

ARTICLES NATUREPHYSICSDOI: 10.1038/ NPHYS3487

Drop
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Time
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+3.3 mm

−3.3 mm

Recapture

319 nm

and

Raman

E

B

State preparation Rydberg dressing State detection

Figure 1| Experiment sequence. To achieve both a strong ground-state

atom–atom interaction and high-fidelity signal detection we perform the

following steps at di erent interatomic spacings. In the experimental

procedure, two Cs atoms are initially 6.6 µm apart, and held by optical

tweezers. After qubit-state preparation, the two trapped atoms translate

towards each other with an average speed of 9 mm s− 1 (18 nm step every

2 µs) by ramping the modulation frequencies of the AOM. At the target

distance, the Rydberg-dressing laser at 319 nm turns on to illuminate the

two atoms simultaneously with a Raman laser. The tweezers are

extinguished during this step to eliminate optical perturbation. The two

atoms then translate back to the original positions for state detection.

of the dressed state, the light shift on the Rydberg-dressed state
is insensitive to thermal motion that gives rises to a fluctuation
in the difference in the optical phase seen at the relative positions
between thetwo atoms. Such thermal noisewasalimiting factor in
thegeneration of spin entanglement in previouswork10.Thethermal
atomic motion in the Rydberg-dressed interactions, however, does
lead to aDoppler shift, and thusnoisein theoptical detuning∆ L.

Thekey mechanism that determines the interaction strength, J,
depends on the EDDI and the optical Rabi frequency ⌦L. Thus,
the distance between the two Rydberg-dressed atoms and the
choice of the principal quantum number are crucial experimental

parameters. Ideally, wewould like theatomsto be located far apart
for individual addressing, and conversely, in close proximity to
maximize J. Our particular implementation of an acousto-optic
modulator (AOM) allows us to create two optical tweezers that
trap each atom from the same laser by simultaneously driving
the AOM at two frequencies (see Supplementary Methods). We
achieve this goal by independently sweeping the values of these
frequencies and dynamically translating the traps. The capability
of producing sufficiently strong J at shorter interatomic distance
allows us to reduce the principal quantum number of the Rydberg
level. Thus, thesensitivity to external fields, which rapidly increases
for high-lying Rydberg levels and is a common challenge in these
experiments, isreduced.

Results
We directly measure J as a function of the interatomic distance.
Our experiment is illustrated in Fig. 1. The two trapped 133Cs
atoms are initially prepared in state |1, 1i and we dynamically
translate them to be in close proximity at a targeted distance R.
We then extinguish the tweezers for a short time to eliminate
light shifts from the dipole-trap laser, and immediately apply a
short pulse of the Raman and Rydberg-dressing lasers concur-
rently. Afterwards, the optical tweezers are restored to recapture
the falling atoms and translate them back to the original positions
for independent state detection, which is accomplished by using
the|6S1/ 2,F= 4i ! |6P3/ 2,F

0= 5i D2cyclingtransition todetermine
whether each atom is in state |0i (bright to this excitation) or |1i
(dark to thisexcitation).Weusea319-nm laser for dressingthe133Cs
atom, which couples atoms directly from the ground state to the
Rydberg level, 6S1/ 2,F= 4! 64P3/ 2, in a single-photon transition23.
This avoids unwanted population in an intermediate, short-lived
excited state that arises in the typical two-photon Rydberg excita-
tion method, which causes additional ground-state decoherence30.
We choose a detuning that is small compared with the ground-
state hyperfine splitting so that the dressing of |1,1i in the F = 3
manifold is negligible, but all other ground states in the logical
basis, {|0, 0i , |0, 1i , |1, 0i }, are now well described in the dressed
basis. To drive spin flips, we apply the Raman laser fields to the
two Rydberg-dressed atoms when they are at a desired separation.
By sweeping theRaman (microwave) frequency and measuring the
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Figure 2 | Rydberg-dressed ground-state interaction Jand the spin-flip blockade. a, Energy-level diagram of the spin-flip blockade on the

Rydberg-dressed two-qubit sublevels. For a su ciently large J, only the transition from |1,1i ! (|1,0i or |0,1i ) is allowed and the double spin-flip transition

from (|1,0i or |0,1i ) ! |0,0i is blockaded when microwave radiation (stimulated Raman transition in our case) is applied at the non-interacting,

single-atom qubit resonance frequency. b, Scanning the microwave frequency of the stimulated Raman pulse applied to the two trapped Rydberg-dressed
133Cs atoms reveals the ground-state spin-flip blockade. The excitation from |1,1i ! |0,0i occurs through an anti-blockade two-photon transition. J/ h is

simply twice the shift of the resonance frequency for excitation to the state |0,0i . c, Experimental data of Jversus Rwith two sets of parameters. The

dashed curves are the calculated values based on a detailed model with no free parameters (see Supplementary Methods). The error bars shown in b and c

correspond to one standard deviation.
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Jau et al., Nat. Phys. 12, 71 (2015) 



Conclusion: many variants of spin Hamiltonians

Warning: mapping is only approximate (on top of uncontrolled parameters)…:

XY has small Ising; neglect quadrupolar interactions; not exactly 2 levels… 

Hard to assess the impact…!! 

Quantum Ising
s = 1/2

Hardcore 
boson

In various addressable geometries: 1D (OBC, PBC), 2D : square, triangle, Kagome…

Spin-orbit coupling

Lienhard, PRX 2021

XY, s = 1/2
1

𝑅3 ,
1

𝑅6

XYZ
Heisenberg

s = 1/2
Floquet

Bosons/ Fermions
Softcore 
potential

t- J model
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