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Quantum computing 

DeMille, Phys. Rev. Lett., 88, 067901 (2002)  
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Images: Cornell University, ACME collaboration, Forbes, Physics, NIST   

Quantum science with ultracold molecules 

Ultracold chemistry 

Ni et al, Nature, 464, 1324 (2010)  

Precision measurement for new physics 

ACME Collaboration., Nature, 562, 355 (2018) 

Quantum simulation 

Micheli et al., Nature Physics, 2, 341 (2006)  
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Rich internal structure 

Vibration 

~100 K 

~1.5 THz 

Hyperfine 

~100 K 

~2 MHz 

Rotation 

~0.1 K 

~2 GHz 

Binding Energy 

~104 K 

~120 THz 

Trap depth 

~10 K 

~200 kHz 

Motion 

~1 K 

~20 kHz 
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Vibration 

~1.5 THz 

Hyperfine 

~2 MHz 

Rotation 

~2 GHz 

Binding Energy 

~120 THz 

Trap depth 

~200 kHz 

Motion 

~20 kHz 

Ladder of long-lived rotational states

Microwave

Encode and manipulate spins

Blackmore et al., Phys. Chem. Chem. Phys. 22, 27529 (2020)

Engineering synthetic dimensions
Sundar et al., Scientific Reports 8, 3422 (2022)
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Dipole-dipole interactions 

Details:
Wall, Hazzard, Rey, Quantum magnetism with ultracold molecules (2015)
Cornish, Tarbutt, Hazzard, Nat. Phys. 20, 730 (2024)

= RbCs

d0 ~ 1.2 D
Controllable

Via transition dipole moment
between rotational states

Spin-exchange interactions

External fields (electric, MW)

Spin exchange “Ising” interaction

6 
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Why tweezed and assembled molecules? 
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Individual particle control 

Low filling factors 

Rosenberg, …, Bakr, Nat. Phys. 18, 1062 (2022)
Schymik, …, Lahaye, Phys. Rev. A 102, 063107 (2020)

Collisional loss 

Gregory, …, Cornish, 
Nat. Phys. 17, 1149 (2021)

Molecular assembly 

Single internal state 

Ultracold (from atomic cooling) 

J. Blackmore, 
PhD thesis (2020)

Spence, …, Cornish, New J. 
Phys. 24, 103022 (2022)
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The Durham apparatus 

Experiments take place in ultra-high vacuum 

Rb 
Cs 

8 

Optical 
tweezers 



LONG-LIVED ENTANGLEMENT OF MOLECULES IN MAGIC-WAVELENGTH OPTICAL TWEEZERS 

The Durham apparatus 
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Merge tweezersLoad and image 
tweezers

Cs 

Rb+Cs 

Rb 
Raman sideband cooling

Associate into weakly 
bound molecule

Transfer molecule to 
rovibrational ground state

Form molecules at µK temperatures 
in a single internal state 

53(1)%

98.7(1)%

Maddox, …, Cornish, 
PRL133, 253202 (2024)
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Ruttley, …, Cornish, PRX Quantum 5, 020333 (2024)
See also: Picard, …, Ni, PRX Quantum 5, 020344 (2024)

N = 1 

N = 2 N = 3 

N = 1 

N = 2 

N = 0 

N = 3 

State control and readout 
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State control and readout 

11 

Ruttley, …, Cornish, PRX Quantum 5, 020333 (2024)
See also: Picard, …, Ni, PRX Quantum 5, 020344 (2024)

Microwaves 
980 MHz 
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Interactions in a molecular quantum computer 

Exploit spin-exchange interactions to entangle molecules for two-qubit 
gates  

DeMille, PRL 88, 067901 (2002)
Ni, Rosenband, & Grimes, Chem. Sci. 9, 6830 (2018) 
Holland, …, Cheuk, Science 382, 1143 (2023)
Bao, …, Doyle, Science 382, 1138 (2023)

2023: Demonstrated with CaF 
molecules with interaction 
strengths ~50 Hz and many 

rephasing pulses 

Cheuk group, Princeton Doyle group, Harvard 

Entanglement fidelities 

 
|↑↑⟩ି௜|↓↓⟩

ଶ
 

86.3(2.5)%, 89(6)% 
 

Limited by single-molecule coherence 
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ac Stark shifts of molecules 

14 
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KRb in optical lattice

Yan et al., Nature 501, 521-525 (2013)

Single 
particle
dephasing
~ 1 ms

Christakis et al., Nature 614, 64-69 (2023)

NaRb molecules
low filling in near-magic lattice

~56 ms

~100 ms

Burchesky et al., PRL 127,123202 (2021)

Single CaF molecule in
magic angle tweezer

NaCs in magic ellipticity tweezer
Park et al., PRL 131,183401 (2023)

62(3) ms with single spin-echo pulse
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Utilise rotationally-magic tweezers to overcome rotational decoherence 

Magic wavelength to the rescue 

16 

Bause, …, Luo, PRL 125, 023201 (2020)
Gregory, …, Cornish, Nat. Phys. 20, 415 (2024)
Theory proposal: Guan, …, Kotochigova, Phys. Rev. A 103, 043311 (2021)

 

(Nominally) Forbidden 

 

Tunes ∥ 

Set  
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Utilise rotationally-magic tweezers to overcome rotational decoherence 

Magic wavelength to the rescue 

17 

Bause, …, Luo, PRL 125, 023201 (2020)
Gregory, …, Cornish, Nat. Phys. 20, 415 (2024)
Theory proposal: Guan, …, Kotochigova, Phys. Rev. A 103, 043311 (2021)
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Added magic tweezer, locked to ULE cavity.
Find magic detuning on (N = 0,MN = 0) (1,1) transition using Ramsey spectroscopy.

Sensitivity 
93.9(3) mHz / MHz/(kW/cm2) 

Trap detuning
and intensity

Typical coherence assuming 
1 MHz detuning, 4 kW/cm2  

and 4% intensity variation: 
~66 seconds! 

Magic wavelength to the rescue 

18 
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15(6) s coherence.      No spin echo. No dynamical decoupling. Just magic! 

Two tweezers 8 m apart so no interactions. Depth = 4 K (3.6kW/cm2). Lifetime ~ 10(2) s.
(Blue fmagic+6.95 MHz, Red fmagic +28.4 MHz)  ~6 Hz difference in transition frequencies 

Measurement time 
> 2 seconds! 

Magic wavelength to the rescue 
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Dipolar interactions 

 

 

 

 

 

 

 
ℎ𝐽 

Microwaves 
980 MHz  

RbCs 
Dipole moment 1.225(11) D 
Intermolecular distance 2.78(5) m 

 

 7.0(4) Hz 
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Resolvable Hz-level interactions 

 

 

 

DKR, …, Cornish, Nature 637, 827 (2025)



LONG-LIVED ENTANGLEMENT OF MOLECULES IN MAGIC-WAVELENGTH OPTICAL TWEEZERS 23 

ℎ𝐽 

 

 

 

 

Resolvable Hz-level interactions 

DKR, …, Cornish, Nature 637, 827 (2025)

Collective
excitation
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ℎ𝐽 

 

 

 

 

Direct microwave entanglement: characterisation 

 

 

Limited by detectable 
leakage/erasure errors 

 

Correct for these errors 

Limited by molecule temperature 

Find the entanglement fidelity  by measuring entanglement coherence 

DKR, …, Cornish, Nature 637, 827 (2025)
Turchette, …, Wineland, Phys. Rev. Lett. 81, 3631 (1998)
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Spin-exchange entanglement 

Use a Ramsey sequence which prepares each molecule in a rotational superposition 
 
After evolution time : 
 
 
 

DKR, …, Cornish, Nature 637, 827 (2025)

See also:
Holland, …, Cheuk, Science 382, 1143 (2023)
Bao, …, Doyle, Science 382, 1138 (2023)
Picard, …, Ni, Nature 637, 821 (2025)

Ψ 𝑇 = −𝑒ିଶగ௜ ത் cos 2𝜋𝑇ത ↑↑ − 𝑖 sin 2𝜋𝑇ത | ↓↓⟩] 

𝑇ത =
𝐽𝑇

4
 

ି  
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Spin-exchange entanglement: characterisation 

As before, find the entanglement fidelity  

 

 

 

Limited by detectable 
leakage/erasure errors 

 

Correct for these errors 

Limited by molecule temperature 

See also:
Holland, …, Cheuk, Science 382, 1143 (2023)
Bao, …, Doyle, Science 382, 1138 (2023)
Picard, …, Ni, Nature 637, 821 (2025)

DKR, …, Cornish, Nature 637, 827 (2025)
Turchette, …, Wineland, Phys. Rev. Lett. 81, 3631 (1998)
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Long-lived entanglement → quantum-enhanced sensors 

Different entangled states = 
different physical probes 

Sensitive to global perturbations 

Sensitive to local perturbations 

 

DKR, …, Cornish, Nature 637, 827 (2025)
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Long-lived entanglement → quantum-enhanced sensors 

Different entangled states = 
different physical probes 

Sensitive to global perturbations 

Sensitive to local perturbations 

 

DKR, …, Cornish, Nature 637, 827 (2025)
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2. Magic tweezers 1. Molecules 

30 

Summary 

3. Entanglement 
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What’s next? 

Lattice → Closer molecules 

= 570 nm
~ 800 Hz

Rydberg-mediated interactions 

1.2 D 1.2 D~ 1 kD

ୣ୤୤ ~ kHz - MHz

Stronger interactions High-spin systems 

Synthetic dimensions 
Qudits 
Dense quantum memories 

Non-destructive detection Giant Rydberg 
molecules 

Rittenhouse & Sadeghpour, 
PRL 104, 243002 (2010)
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Entanglement 
 
 
 
 

Nature 637, 827 (2025)  

 

Phil Gregory Fritz von Gierke 
(→ Hannover) 

Mol. control 
 
 
 
 

PRX Quantum 5, 020333 (2024)   

 

Spin-1 dynamics 
 
 
 
 

Nat. Commun. 16 7131 (2025) 

 


