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Motivation

Quantum Mechanics vs General Relativity

Small Scale vs Large Scale

Better understanding: different regimes

Physics beyond the Standard Model

Quantum Gravity?



Quantum Mechanics vs General Relativity

Towards a Unified Theory: 
Small Scale Gravity, Large Scale Quantum

Many theories, need experimental data!



Non-Levitated
MRFM: Magnetic Resonance Force Microscopy
MRI at a nanoscale

Mechanical detection instead of 
inductive detection

3D imaging: Biomedical
Subsurface: Qubit fabrication



Non-Levitated
MRFM at mK Temperatures: SQUID Based Cantilever Detection

SQUID detection instead of LASER
- 20 mK sample+cantilever
- Reduced thermal force noise
- Increased spin polarisation
- No external field, B0 ~ 100 mT (Br = 1.4 T)

Extremely soft cantilever (IBM, 30 μN/m)

Very sensitive force sensor (400 zN/√Hz, 4 μm/s2/√Hz)
Q ~ 104, f ~ 1 kHz, df ~ 0.1 Hz

0.1 nm thermal motion, 0.1 pm ZPM 
Feedback cooled to ~1000 phonons

Magnetic dipole coupling: detect Electron Spins

Magnet on tip (3 micron diameter NdFeB sphere, 
100pg, ~1014 amu, ~100 mT/μm)

PhD thesis Marc de Voogd (2017)



Non-Levitated
NV-MRFM

NV-Center in Diamond as dilute, RF Addressed 
Qubit

High coherence single spin

Diamond platelets courtesy of M. Ruff and R. Hanson at TU Delft, 1 
ppb N-center, ~1 N center per 100 nm3 (1 PPT NV-center)

Coherent Coupling of NV centre and
Cantilever

2-3 um 1 ppb Diamond

100 nm NbTiN RF and Loop

500 um Diamond Substrate

2 GHz
1.5 GHz

1 GHz



Measured Cantilever Amplitude

Current limit: 
which-path-detection
∝√(Q/kBT) and thermal 
decoherence of cantilever ∝ 
Q/kBT , at ~100 us (vs. 700us 
cantilever period), 
So we need to increase Q/T 
by a factor 100 at least, or 
increase coupling by a factor 
10.
Even then: only 10 fm/cycle

Similar for Linear Coupling, 
with more heat load, but 
larger state separation per 
cycle.

Macroscopic 
Superposition:
Quadratic Coupling



Small Scale Gravity: Magnetic Zeppelin



Lead Zeppelin

Bob van Waarde:
“A Force Sensor without 
    a handle”

Waarde, B. van (2016)
The lead zeppelin : a force sensor 

without a handle



Lead Zeppelin

 
“A Force Sensor without 
    a handle”

Lead Zeppelin

Waarde, B. van (2016)
The lead zeppelin : a force sensor 

without a handle



Meissner-levitated ferromagnetic microparticles
Chris Timberlake:

“Turn this zeppelin
    around!”

Jaimy:

“Lead Trappelin”

Ultralow Mechanical Damping with Meissner-Levitated Ferromagnetic Microparticles
A. Vinante, P. Falferi, G. Gasbarri, A. Setter, C. Timberlake, and H. Ulbricht

Phys. Rev. Applied 13, 064027 – Published 11 June 2020



Magnetic Zeppelin

arXiv:2303.03545 

Loop off-centre (α, f.o.: x, y)

Elliptical trap (x, y to trap x, y)

Extra non-magnetic mass (γ)

Calibration by flux injection (φ →   
     m)

LOTS of Vibration Isolation

No Charge Control

Macroscopic Gravitational 
Source

https://arxiv.org/abs/2303.03545


All 6 modes
Loop off-centre (α, f.o.: x, y)

Extra non-magnetic mass (γ)

Can not distinguish
z



Calibration
30 fm/√Hz



Magnetic Zeppelin
Show Sensitivity to Gravity

Kinda scary at 30 Hz! (45km/h for each 
mass)



Magnetic Zeppelin
Clean Spectrum, 6 modes

>100ksec τ! (~28 hours)

~3 K mode temperature

30 aN Force detected 

0.3 fN/√Hz Force Noise

~1 nm/s2/√Hz acceleration 
noise

Q = 107, f = 26.7 Hz, df = 3uHz



Magnetic Zeppelin
Scales as 
expected from
gravity under
translation!

EM significantly 
Shielded

Only 3/8th of
expected signal



Damped response of 3/8
Trap motion also driven: continuously “falling away” from test-mass

Tantalum Trap

Aluminium Shielding Can
PEEK Coil Shape

Mu-metal Shield

Niobium Shielding Can

Two-Stage SQUID

Niobium Screw Contacts

SQUID Cabling

Brass Holder,  Thermalised to Silver Wire



Magnetic Zeppelin
Large source mass, but:

small, scalable test mass 

coupled to a SQUID

arXiv:2303.03545 

https://arxiv.org/abs/2303.03545


Combining MRFM-like Macroscopic Superposition
with Mesoscopic Levitated Mass: Quantum Gravity?

Gravitationally Mediated Entanglement



Future

Test AND Source mass both easily 
scalable!
Bring Source mass into 
Superposition: NV-centres?
Bas Hensen:

Couple to LC-Circuit for 
Optical toolbox
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NV-MRFM



Detection and Control

RF line

SQUID 
(Magnicon)

Gradiometric transformer

Cantilever Holder

Cantilever Chip

Cantilever

Diamond
Quartz Spacer



Low Temperature
< 2 mK at the bottom of MSS

-> Nuclear Demagnetisation

Mass Spring Systems 

   〈xth〉= √(kBT/k0) = 30 pm

〈xstage〉= 〈xth〉/ Q 

        = 1 fm motion at ~1 kHz

J. Low Temp. Phys. 210, 588-609 (2023)



Factor 2 in Q for free 
with a factor 10 in T

J. Low Temp. Phys. 210, 588-609 (2023)



Magnet Shape
Coupling ~ d2B/dx2 ~ R0

3 / r7

-> Small magnets for increased coupling

Coupling ~ Superposition Separation per cycle

Powder has a lower bound -> FIB to shape

This work made use of a Helios FIB supported 
by NSF (DMR-1539918) and the Cornell Center 

for Materials Research Shared Facilities which 
are supported through the NSF MRSEC program 

(DMR-1719875).

1.2 μm

3.6 μm

5x better
@ 600nm 
subsurface



Future
Coherent coupling to Single Spin

Combine:
10mK -> 2 mK
Q from 20k to 40k (possibly even 100k+!)
5x better Coupling

to gain a factor 100+ 

-> Macroscopic Superposition if everything works together™



easyMRFM
Scanning probe type: Easy for you, not for us!



easyMRFM





Subsurface, 3D
TLF as source of decoherence in Qubits

Interstitial!

3D imaging of proteins and DNA 

Google Sycamore Chip, courtesy Erik Lucero



Subsurface, 3D
3D imaging of proteins and DNA 

Koen van Deelen et al., Ensembles of breathing nucleosomes: a computational study, Biophysical Journal


