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Quantum science with ultracold molecules

Ultracold chemistry Quantum simulation
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Rich internal structure
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Binding Energy Vibration Rotation Hyperfine Trap depth Mation

~104 K ~100 K ~0.1K ~100 K ~10 uK ~T uk
~120 THz ~1.9 THz ~2 GHz ~2 MHz ~200 kHz ~20 kHz
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Binding Energy Vibration Rotation Hyperfine Trap depth Mation
~120 THz ~1.5 THz ~2 GHz ~2 MHz ~200 kHz ~20 kHz
Ladder of long-lived rotational states Blackmore et al., Phys. Chem. Chem. Phys. 22, 27529 (2020)
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Sundar et al., Scientific Reports 8, 3422 (2022)
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Dipole-dipole interactions

Controllable

Via transition dipole moment
between rotational states

gt

Spin-exchange interactions

External fields (electric, MW)
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sl
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Wall, Hazzard, Rey, Quantum magnetism with ultracold molecules (2015)
Cornish, Tarbutt, Hazzard, Nat. Phys. 20, 730 (2024)
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Why tweezed and assembled molecules? W Durham
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The Durham apparatus WDurham
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The Durham apparatus W Durham
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State control and readout

5882.5

Energy (MHz x h)

-0.5

Ruttley, ..., Cornish, PRX Quantum 5, 020333
See also: Picard, ..., Ni, PRX Quantum 5, 020344 (2024)
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Ruttley, ..., Cornish, PRX Quantum 5, 020333 (2024)
See also: Picard, ..., Ni, PRX Quantum 5, 020344 (2024)
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Interactions in a molecular quantum computer

VOLUME 88, NUMBER 6 PHYSICAL REVIEW LETTERS 11 FEBRUARY 2002 ‘ e e A e

Quembwan Competation with Trapped Rolar Molewules ). Check forupdates Dipolar exchange quantum logic gate with polar
D. DeMille et crem 5,208 0.0 MOlECUlES
Department of Physics, P.O. Box 208120, Yale University, New Haven, Connecticut 06520 " . - s o " . . -
(Received 27 October 2001; published 24 January 2002) ’ All publication charges for thisarticle - Kang-Kuen Ni, Till Rosenband and David D. Grimes

have been paid for by the Royal Society

ﬂ%% Exploit spin-exchange interactions to entangle molecules for two-qubit

gates
@M Cheuk group, Princeton . Doyle group, Harvard
_ m; e ==
2023: Demonstrated with CaF Entanglement f|d_9l|t|93
molecules with interaction 0l 3 L) - w
strengths ~50 Hz and many . |
rephasing pulses S| 86.3(2.5)%, 89(6)%
DeMille, PRL 88, 067901 (2002) ol ° L|m|ted by single- molecule coherence
Ni, Rosenband, & Grimes, Chem. Sci. 9, 6830 (2018) - . =) : X%Cm/’” “m%;&)*’ ey
Holland, ..., Cheuk, Science 382, 1143 (2023) g 28 1ie L “

t (mS) Time (ms)

Bao, ..., Doyle, Science 382, 1138 (2023)
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ac Stark shifts of molecules
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0 100 200 300

Precession Time (ms)
Burchesky et al., PRL 127,123202 (2021)

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 rotatjonally-magic tweezers to overcome rotational decoherence

©

10,0) I 11, 1)
b X1zt - b3l X1zt - Alx*
| (Nominally) Forbidden Tunes a;
= 300 4 7 . W O
) 100 g\oi_—’—— O

Internuclear separation (nm)

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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Magic wavelength to the rescue W7 Durham

University

Utilise rotatio

ly-magic tweezers ta overcome rotational decoherence
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Gregory, ..., Cornish, Nat. Phys. 20, 415 (2024)
Theory proposal: Guan, ..., Kotochigova, Phys. Rev. A 103, 043311 (2021)
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Magic wavelength to the rescue

Added magic tweezer, locked to ULE cavity.

i i i " : 0 TIRAP
Find magic detuning on (N =0,M,,=0) — (1,1) transition using Ramsey spectroscopy. ‘“‘*‘I’i —-L0
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Magic wavelength to the rescue

Two tweezers 8 um apart so no interactions. Depth = 4 uK (3.6kW/cm?). Lifetime ~ 10(2) s.

(BIU€ fiagic76-95 MHZ, Red £, ¥28.4 MHz) — ~6 Hz difference in transition frequencies
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Resolvable Hz-level interactions
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Cornish, Nature 637, 827 (2025)
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Resolvable Hz-level interactions
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hJ Find the entanglement fidelity F by measuring entanglement coherence

o F = (P + Py, +C)/2
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|J,J,> State Readout pulse phase ¢ (rad) DKR, ..., Cornish, Nature 637, 827 (2025)

Turchette, ..., Wineland, Phys. Rev. Lett. 81, 3631 (1998)
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Spin-exchange entanglement
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Use a Ramsey sequence which prepares each molecule in a rotational superposition
L My =i Wy
After evolution time T ) XS-TAX 5| 107) = 7 |
W(T) = —e~2m"[cos(2nT) | 1) — isin(2nT) | W) |1 0 , ,>,T ime ¢
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4
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(@)

See also:

Holland, ..., Cheuk, Science 382, 1143 (2023)
Bao, ..., Doyle, Science 382, 1138 (2023)
Picard, ..., Ni, Nature 637, 821 (2025)
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Spin-exchange entanglement: characterisation W Durham

As before, find the entanglement fidelity F
F = (Pu +PTT + C)/Z

— +0.013
F = 0.924%016 LR R PR
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Limited by molecule temperature 0.0 om0 L 1, LA
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See also:
Holland, ..., Cheuk, Science 382, 1143 (2023) Readout pulse phase ¢ (rad)
Bao, ..., Doyle, Science 382, 1138 (2023) DKR, ..., Cornish, Nature 637, 827 (2025)
Turchette, ..., Wineland, Phys. Rev. Lett. 81, 3631 (1998)

Picard, ..., Ni, Nature 637, 821 (2025)
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DKR, ..., Cornish, Nature 637, 827 (2025)
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Long-lived entanglement — quantum-enhanced sensors »

Durham
University
I N T | b 81 TN
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What's next? W Durham
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Stronger interactions High-spin systems et e
Lattice — Closer molecules o
Synthetic dimensions Ry—

d =570 nm Qudits
] ~ 800 Hz Dense quantum memories
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Non-destructive detection || Giant Rydberg

molecule®

Rydberg-mediated interactions
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