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What is the gravitational effect
from a mass in a spatial superposition?
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BEC superposition

Quantum superposition at the half-metre scale
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Small mass, large superposition

distance and time ,1
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The most macroscopic spatial superposition

Molecules made of 2000 atoms
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Our proposal: drop a hanodiamond containing a spin
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Can gravity entangle things?

2 um object

Ax ~ 250 pm
S Bose, A Mazumdar, GWM, H Ulbricht, M Toros, M Paternostro,
AA Geraci, PF Barker, MS Kim & G Milburn, PRL 119, 240401 (2017) Closest approach ~ 200 ym




Nitrogen-vacancy centre (NVC) in diamond

Magnetometry Nitrogen

Building a quantum computer

Levitating nanodiamonds towards a
test of the quantum nature of gravity

Carbon






NV centre red fluorescence vs microwave frequency
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Nitrogen-vacancy (NV-) energy levels
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Nitrogen-vacancy (NV-) energy levels
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Nitrogen-vacancy (NV-) energy levels
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Nitrogen-vacancy (NV-) energy levels
- microwaves
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Nitrogen-vacancy (NV-) energy levels

- dark state
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Nitrogen-vacancy (NV-) energy levels
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Nitrogen-vacancy (NV-) energy levels
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Green excitation 2
1. Spin polarization
2. Spin-dependent
fluorescence




Nitrogen-vacancy (NV-) energy levels
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Nitrogen-vacancy (NV-)

magnetometry
Energy m, =141
of NV-
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2.88 GHz
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Diamond magnetometry
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Magnetometry



Our proposal: drop a hanodiamond containing a spin

Proposals from our collaboration:
- M Scala... & S Bose, PRL 111, 180403 (2013)
- C Wan...& MS Kim, PRA 93, 043852 (2016)
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023602 (2020)
- BD Wood, S Bose & GWM, PRA 105, 012824 (2022)

From other groups:
- Z-q Yin, T Li, X Zhang & LM Duan,
PRA 88, 033614 (2013)










Optically levitated nanodiamonds overheating
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A solution: more pure diamonds

=

150 ppm nitrogen 120 ppb nitrogen
impurities impurities

AC Frangeskou, ATMA Rahman, L Gines, S Mandal, OA Williams, PF
Barker & GWM, New Journal of Physics, 20, 043016 (2018)



A solution: more pure diamonds

120 ppb nitrogen
impurities

Milling by Ollie Williams" group, Cardiff

AC Frangeskou, ATMA Rahman, L Gines, S Mandal, OA Williams, PF
Barker & GWM, New Journal of Physics, 20, 043016 (2018)



Purer nanodiamonds don’t heat up

350
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Trapping laser power (mW)

AC Frangeskou, ATMA Rahman, L Gines, S Mandal, OA Williams, PF
Barker & GWM, New Journal of Physics, 20, 043016 (2018)

4 mbar

Still want a magnetic
trap to have internal
temperature ~5K



Imaging our nanodiamonds

Scanning confocal microscopy Scanning Electron Microscopy (SEM)
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Experiments
with single NV
in diamond




Purer nanodiamonds have longer spin coherence

Scanning Electron Microscopy (SEM)
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Spin echo
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(1921-2016)
Photo: AIP Emilio
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Jacobs Collection




Spin echo
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(1921-2016)
Photo: AIP Emilio
Segre Visual
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Spin echo
decay




Spin echo
decay




Longest spin coherence in nanodiamonds
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NV in 12C nanodiamonds:
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Coherence time T, (ms)

Nitrogen-vacancy (NV-) centres in bulk diamond
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Our proposal: add in motional dynamic decoupling

Proposals from our collaboration:
- M Scala... & S Bose, PRL 111, 180403 (2013)
- C Wan...& MS Kim, PRA 93, 043852 (2016)
- CWan... & MS Kim, PRL 117, 143003 (2016)
- S Bose... & G Milburn, PRL 119, 240401 (2017)
- JS Pedernales, GWM & MB Plenio, PRL 125,
023602 (2020)
- BD Wood, S Bose & GWM, PRA 105, 012824 (2022)
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Our proposal: add in magnetic teeth
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Our proposal: add in magnetic teeth
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Our proposal: add in magnetic teeth
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Purer nanodiamonds don’t heat up
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Trapping laser power (mW)

AC Frangeskou, ATMA Rahman, L Gines, S Mandal, OA Williams, PF
Barker & GWM, New Journal of Physics, 20, 043016 (2018)

4 mbar

Still want a magnetic
trap to have internal
temperature ~5K



Magnetic traps for nanodiamonds

J-F Hsu, P Ji, CW Lewandowski &
B D'Urso, Sci Rep 6, 30125 (2016)

MC O'Brien, S Dunn,
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Twamley, APL 114,
053103 (2019)




Our magnetic trap
for nanodiamonds
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Our magnetic trap
for nanodiamonds
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Our magnetic trap
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Our magnetic trap
for nanodiamonds

Feedback cooling with
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Counts (arb.)

Fluorescence from magnetically levitated NV centres
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Conclusions

- Dropping levitated nanodiamonds past magnetic teeth could test the quantum nature of gravity
- Purer nanodiamonds don't heat up in an optical trap at 4 mbar, and have long-lived spin coherence
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