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Mechanical systems which are levitated in 
vacuum can have ultra-low damping and are 
easy to modulate.

• Ultra-precise sensors: gravimeters, 
gyroscopes, inertial sensors, sensors for 
dark matter, magnetometers, gravity 
waves…

• Fundamental Science: generate really 
interesting mechanical quantum states – 
squeezed, Schrodinger Cats

• Gravity&Quantum : Massive systems – can 
explore the interaction of gravity with 
quantum!

Why Levitation

Spin entanglement witness of quantum gravity 
Bose, et al, Phys. Rev. Lett. (2017)

Optical Trapping of High-Aspect-Ratio NaYF 
Hexagonal Prisms for kHz-MHz Gravitational 
Wave Detectors

Geraci, et al, Phys. Rev. Lett. (2022)
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designed for both the force sensor and source masses to overcome 
the problem of double suppression. The geometries of the force 
sensor and the source masses are carefully optimized to maximize 
the produced ‘fifth force’ by employing numerical simulations (see 
Methods and Extended Data Figs. 1 and 2 for details). Moreover, we 
manage to generate a long-time coherent ‘fifth force’ (see Methods 
and Extended Data Fig. 3 for details), which can considerably 
improve the force detectability.

Figure 1a shows a schematic of our experiment. Eight thin films 
of polyimide, spaced equally on a rotating plate, are used as the 
source masses to generate a periodic chameleon field. The field then 
penetrates the vacuum chamber via the thin window and exerts a 
‘fifth force’ of frequency dri/2  on the force sensor suspended inside 
the chamber. The frequency dri/2  is eight times the frequency of 
the plate. The force sensor consists of a thin film of polyimide at 
the top, supported by a glass rod and a piece of pyrolytic graphite 
at the bottom. The pyrolytic graphite works as a supporter and is 
levitated in the magneto-gravitational trap via diamagnetic force 
(Supplementary Fig. 4). The thin film is used as a test mass, which is 
the part of the force sensor that can effectively feel the periodic ‘fifth 
force’. This is because the ‘fifth force’ below the thin film is screened 
by a magnetic shielding box that encloses the pyrolytic graphite. To 
enhance the detectability of the ‘fifth force’, we choose thin films 
with a large surface area and optimize their thickness as 12.5 m, 
which is comparable to the Compton wavelength of the chameleon 
in the parameter space of interest. We take a glass rod long enough 

that the thin film is placed close to the source mass. In practical 
measurements, we set the frequency of the ‘fifth force’ dri/2  at the 
resonance frequency 0/2  of the force sensor along the z direc-
tion. The motion of the force sensor is monitored optically17 (Fig. 
1a, inset). Finally, the magneto-gravitational trap is placed on a 
vibration-free stage in vacuum.

In addition to the chameleon ‘fifth force’, in practice, however, 
the detected forces may contain background contributions, such as 
magnetic or electrostatic forces, as well as the Newtonian gravity of 
the source masses. Therefore, to achieve a clean test of the chame-
leon field, it is important to mitigate these effects effectively. For the 
magnetic forces, we use a magnet shielding box that encloses the 
magneto-gravitational trap as well as the pyrolytic graphite. Only 
a small hole is left at the top, which allows the test mass to get out 
of the shielding box (Fig. 1b). We find that such a scheme works 
very well for suppressing the magnetic forces in our experiments 
(Supplementary Information and Supplementary Table 1). To shield 
from electrostatic forces, the vacuum chamber itself, indeed, is an 
ideal Faraday shielding cage, thanks to the design that the source 
masses on the rotating plate are separated outside the chamber 
(Supplementary Information and Supplementary Fig. 5). However, 
the chamber walls also hinder the ‘fifth force’ from passing through 
and acting on the test mass. Therefore, to mitigate this effect, there is a 
metallized low-strain silicon nitride window as thin as 0.5 m, imme-
diately below the source masses at the top of the chamber (Fig. 1b).  
Finally, the thickness of the thin films used as the source masses 

b

Fcham

Electrical shield

Magnetic shield

Vacuum

Air

Test mass

c

a

Source mass

Photodiode1

Vacuum Air

E
le

c
tr

ic
 s

h
ie

ld

S
o

u
rc

e
 m

a
s
s

z

Vacuum chamber

y
x

z

Photodiode 2

Magneto-gravitational trap

T
e

s
t 

m
a

s
s

Fig. 1 | Schematic of experiment.  a, The ‘fifth force’ of the chameleon field is g enerated by eight thin films ( source masses) of polyimide with thickness of 

75 m, spaced equally on a rotating plate. The force sensor consists of a piece of pyrolytic graphite, diamagnetically levitated in a magneto-gravitational 

trap and a 12.5- m-thick film (test mass) of the same material as the source masses at the top supported by a glass rod. The magneto-gravitational trap is 

placed in a vacuum chamber with seismic noise isolation. The distance between the test mass and the source masses is 390 m. The rotation of the source 

masses and the motion of the force sensor are monitored by optical systems, with the optical signals being det ected by photodiode 1 and photodiode 2, 

respectively. The inset shows a schematic of the detection of the displacement of the force sensor. b, The rotating source masses generate a periodic ‘fifth 

force’ Fcham acting on the test mass. A thin electrical shielding windo w with thickness of 0 .5 m and a magnetic shield are used to screen the background 

electrostatic and magnetic forces. c, The field  along the central z axis at two different rotation phases. The red and blue curves indicate the cases with 

and without a film of source mass above the test mass, respectively. The schematic is not to scale but for visibility.
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Experiments with levitated force sensor 
challenge theories of dark energy

Du, et al, Nat Phys (2022)

The superconducting gravimeter

J.M. Goodkind: Rev Sci Inst (1999)



Levitation Platforms
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How can we levitate nano-micro sized objects?

Many forms of trapping/levitation are active – 
they use active power/controls to trap the 
object

Magnetic levitation can be passive – can levitate 
a diamagnetic object forever with no power! 
Possibly ultra-quiet? 

Types of Levitation

Radiation pressure

PRL 111, 183001 (2013) Op. Exp. 25, 
13799 (2017)

Macroscopic > μm Microscopic < μm

Heating Room temperature

Paul trap
Nat. Phys. 6, 943 (2010)

Meissner, flux pinning

2019, 

Optical tweezers

Nat. Phys. 9, 806 (2013)

Micro motion
Room temperatureCryogenic

Stable, no heating

Optomechanical Levitation

Large laser powers! PRL (2013) 

Optical Tweezer

Large laser powers! APL  (1976) 

Electrodynamic Trap

Micromotion, ZNA  (1953) 

Diamagnetism!

𝑭 ∝ −∇ 𝑩 ⋅ 𝑩

Magnetic 
Levitation

A flying frog!

Berry & Geim, Eur. J. Phys. (1997)

Meissner RepulsionDiamagnetic Levitation



Diamagnetic Levitation
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• Highly Oriented Pyrolytic Graphite has largest 
diamagnetic response at room temp [anisotropic]

• No Cryogenics required

• Can levitate stably over checkerboard magnet array

Material 𝝌 [× 10−5 (SI units)]

Superconductor −105

Pyrolytic graphite −45

Bismuth −16.6

Mercury −2.9

Silver −2.6

Diamond −2.1

Lead −1.8

Copper −1.0

Water −0.91

Magnetic Susceptibility

Vertical Force DensityBz above the magnets

Q-factor ??

𝜒𝑗 = − 8.5, 8.5, 45 × 10−5

fz [N/m3] at 0.6mm above the magnets

6 × 105

4 × 105

2 × 105

0



Eddy Currents Damping
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• Many highly diamagnetic materials are electrical conductors. 

• Motion of a conductor in a magnetic field induces eddy currents and loss – 
graphite oscillation even in vacuum has low motional Q-factor.

• How to control this – engineer the eddy currents in the graphite and control 
the motional Q without losing too much diamagnetic lift?

Eddy currents 
in graphite 
plate due to 
vertical motion

Material 𝝌 [× 10−5 (SI units)]

Superconductor −105

Pyrolytic graphite −45

Bismuth −16.6

Mercury −2.9

Silver −2.6

Diamond −2.1

Quartz −1.4

Lead −1.8

Water −0.91

Magnetic Susceptibility

Electrical 
Conductors

Electrical 
Conductors

Q factor ~ 60 !



Geometry Engineering
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• We follow route similar to how eddy currents are reduced 
in electrical transformers – physically interrupting the eddy 
currents.

• Interrupt the eddy currents by physically making tiny slots 
in the graphite slab

CAD
design

Photos of 
machined 
slab 

Eddy 
currents in 
slotted slabs 
greatly 
reduced

Appl. Phys. Lett. 122, 094102 (2023)

Eddy current simulations [Comsol/Mathematica]

Slotted graphite (10mm square)



Geometry Engineering
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• Measure motion of plate (small mirror attached), using laser 
displacement interferometer – high vacuum – no pump 
vibrations using ion pump.

Q-factor increases to ~2500 ! 

Schematic of the setup



Insulating Composite
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• ‘From top to bottom’ (cut slots) reach a limit. We consider ’From bottom to top’ 
(using particles to construct a composite slab).

• To reduce eddy currents, we make the plate out of micron size graphite particles 
which we coat to make each electrically insulating.

Coated graphite particles and levitated composite slab



Insulating Composite
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• Ringdown measurements yield a motional Q which is very high

𝑄 = 1.58 × 105

@1×10-6 mBar

Eddy damping 
dominanted Q

Q-factor increase to the scale of 105

Appl. Phys. Lett. 124, 124002 (2024)

• Q factors reach a plateau at low 
pressure, indicating eddy damping is 
still dominant



High Sensitivity
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These high-Q massive resonators can make  ultraprecise sensors.

Ultra-precise acceleration sensor

200m

• Detect a 100kg mass 200m away in 1s due to gravity!

• Thermal noise limited acceleration sensitivity for the composite:

➢ Cooling towards quantum ground state to realize quantum control of macroscopic resonators to test 
quantum gravity.



Feedback Cooling

• Measure the position with interferometer.

• Feedback the opposite of velocity using magnetic actuation to the resonator.

• COM is cooled by 3 orders of magnitude!

10

Schematic of experiment setup PSD with feedback cooling

Limited by the measurement precision and vibrational noises.



Pound–Drever–Hall Locking

• PDH technique is used to stabilize the frequency of a laser by locking to a stable 

cavity.

• It can also lock a cavity to a stable laser → Fix the mirror position and precise 

measurement of the position.

11

Schematic of PDH setup and error signal (wikipedia)

It is extremely sensitive, but linear range is very narrow! 

PDH sensitivity << 



Feedback Cooling – using PDH

• We build a levitated “tricopter” to suppress the tilting and conduct pre-cooling.

• The three corner mirrors are for interferometrically measurement.

• The central mirror is for cavity with fiber Bragg grating.

12

Schematic of the proposed setup Micro-optomechanical cavity



Optical Spring

• Magnetic levitations usually have low resonant frequencies.

• The optical spring effect can boost the trapping frequency.

13

Red-detuned

Red-detuned cavity can increase the stiffness

The radiation pressure force can increase the frequency 

to 3kHz. 

Concave mirror should be used to suppress the caused 

tilting instability.

• Potential for high-frequency Levitated Sensor Detector 

(LSD)



Feedback Cooling – using PDH

• The vertical COM of the tricopter can be cooled down to 72 nK;

• Reach phonon occupation number n<1.

14



Collaborators

15

Jinjin Du

Appl. Phys. Lett. 122, 094102 (2023)
Appl. Phys. Lett. 124, 124002 (2024)
Commun. Phys. 8, 381 (2025)
Phys. Rev. A 113, 033508 (2026)

Alexander 
Henry Hodges

Ruvi 
Lecamwasam

Krishna Jadeja

Daehee Kim

Priscilla 
Romagnoli

Prof Jason Twamley Prof James Downes
Maquire Univ.

Camila Padilla Glemarie Hermosa
Yuan Ze Univ.

Quantum Machine Unit, OIST

Sarath Raman 
Nair

Prof Gavin  
Brennen

Prof Sougato 
Bose
UCL

Thank You!

Breno Calderoni Cristina Jachimska



Thank You!
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