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Electron Spin Resonance
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Electron Spin Resonance
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m Electron Spin Resonance

SASE AU A

echo |a)

Electron
Spin Resonance

102 spins/v Hz

1® pulse 2™ pulse echo

R.J. Blume, "Electron spin relaxation times in sodium- ammonia A. Schweiger and G. Jeschke, « Principles of pulse electron paramagnetic resonance »
solutions", Phys. Rev. 109, 1867 (1958). (Oxford University Press, 2001).



m Electron Spin Resonance
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Superconducting

§ Coupling Resonator
) & Quantum Limited
Amplifier

100 spins/v/ Hz

[Ranjan et al. Appl. Phys. Lett. 116, 184002 (2020)]
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m Fluorescence At Microwave Frequency

Fluorescence detection Is ubiquitous In optics: atoms, molecules, NVs, ...
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m Fluorescence At Microwave Frequency

Fluorescence detection is ubiguitous In optics: atoms, molecules, NVs, ...

G| pu— =

sample = Pulsed

* LASER

700 THz

I, ~10° s

Can we detect spins by their microwave (MW) fluorescence ?

T)

By

7 GHz
1)

[, ~ 1012 s

[Albertinale et al. Nature 600, 434 (2021)]



m Fluorescence At Microwave Frequency

Fluorescence detection Is ubiquitous In optics: atoms, molecules, NVs, ...

LAl

sample =" Pulsed

* LASER

700 THz

WANTED

e (Cryogenic
temperature

hw > kKT

I, ~10° s

Can we detect spins by their microwave (MW) fluorescence ?

T)

e | arge microwave

5 radiative rate

7 GHz

e Single Microwave
Photon Detector

1)

[, ~ 1012 s

[Albertinale et al. Nature 600, 434 (2021)]



m Quantum Optics 101
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" Photons Quantum Optics 101
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m Detecting Photons At Microwave Frequency

electronics optics
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Artificial Atoms

Transmon qubit Quantum non-demolition measurement
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Quantum efficiency and darkcount rate

Darkcount rate a =85 s}

detected count
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Efficacité quantique et taux de compte d'obscurité

Darkcount rate a =85 s}
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Efficacité quantique et taux de compte d’obscurité

Darkcount rate a =85 s !
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Efficacité quantique et taux de compte d’obscurité

Darkcount rate a =85 s !
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Efficacité quantique et taux de compte d’obscurité

85 51
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Darkcount rate
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Efficacité quantique et taux de compte d’obscurité

Darkcount rate a =85 s !

I
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Efficacité quantique et taux de compte d’obscurité

Darkcount rate a =85 s !




Efficacité quantique et taux de compte d’obscurité
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Coupling spins to a microwave resonator

Er3+:CaWOa4

Spin relaxation
In the microwave domain

Photons In free space
~1000 years

Phonons In lattice
~1 s

P. Goldner



Coupling spins to a microwave resonator

Spin — microwave photon coupling
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Coupling spins to a microwave resonator

Spin — microwave photon coupling

go = 6B1.7.(TIS|{)
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Single Spin Detection
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Experiment Nanowire resonator on Er:CaWO0O4
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Microwave fluorescence detection of spins
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(C) (counts / ms)
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Microwave fluorescence detection of spins
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Detecting spins by their fluorescence
4 (ms) with a microwave photon counter
Nature 600, 434-438 (2021)
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Integration time : 200ms
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High-power spectroscopy : angular dependence
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Low-power spectroscopy (s = 0°)

Integration time : 2ms

Narrow reproducible peaks !
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Z. Wang et al., arxiv (2023)
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Low-power spectroscopy : angular dependence
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Rabi oscillations
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Intensity-intensity correlations
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Intensity-intensity correlation function
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Single-ion coherence time (1) : Ramsey

Z. Wang et al., arxiv (2023)
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Purcell effect on a single spin
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(C) (counts)

C) (counts / ms)

Single-ion coherence time (2) : Hahn echo

1,=2.47+0.31ms

Z. Wang et al., arxiv (2023)



Single-ion coherence time (3) : 3-Pulse Dynamical Decoupling
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Z. Wang et al., arxiv(2023)



Probing the nuclear environment

signal spin resonance

magnetic
environement

Magnetic field B




Probing the nuclear environment
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Probing the nuclear environment
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Dynamical decoupling

Contrast : (C)1) — (C) oy (count)
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Dynamical decoupling
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Dynamical decoupling as a nuclear spin probe
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Dynamical decoupling as a nuclear spin probe
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Dynamical decoupling as a nuclear spin probe
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Dynamical decoupling as a nuclear spin probe
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Conclusion




Conclusion

Single Spin Fluorescence Detection
e Universal

o Large detection volume (~1O,um3)

« 1Er3+/s/Hz, large improvements possible
« Does not require long coherence time




Perspective

— Strong academic & industrial effort for circuits

~~ SMPD development ho Y — 1928 W/VHz

x | 0 sensitivity = x|100 integrationntime

—_ Advanced antenna design for
enhanced magnetic focusing

- New spin species in hew substrates

— RF control for
single nuclear spin
manipulation




Perspective

Architecture for spin-based quantum computing

« Coherence times up to second

e |nterfacing with microwave photons,
superconducting circuits, and nuclear spins

e Practical single-spin EPR spectroscopy
at millikelvin temperature
(transition ions & radicals in molecules, ...)
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