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ABSTRACT

Levitated systems in vacuum have many potential applications ranging from new types of inertial and magnetic sensors through to
fundamental issues in quantum science, the generation of massive Schr€odinger cats, and the connections between gravity and quantum
physics. In this work, we demonstrate the passive, diamagnetic levitation of a centimeter-sized massive oscillator, which is fabricated using a
method that ensures that the material, though highly diamagnetic, is an electrical insulator. Electrical conductors moving in a magnetic field
experience eddy damping—which can severely reduce their motional quality factor. By chemically coating a powder of microscopic graphite
beads with silica and embedding the coated powder in high-vacuum compatible wax, we form a centimeter-sized thin square plate which
magnetically levitates over a checkerboard magnet array. The insulating coating reduces eddy damping by almost an order of magnitude com-
pared to uncoated graphite with the same particle size. These plates exhibit a different equilibrium orientation from pyrolytic graphite due to
their isotropic magnetic susceptibility. We measure the motional quality factor to be Q � 1:58� 105 for an approximately centimeter-sized
composite resonator with a mean particle size of 12 lm. Furthermore, we apply delayed feedback to cool the vertical motion of frequency
�19 Hz and achieve center-of-mass temperature decrease by three orders of magnitude.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0189219

Optomechanical systems are the most precise measuring devices
in existence, most notably the LIGO gravitational wave observatory
which can measure distortions in spacetime 10000 smaller than a pro-
ton. Tabletop systems aim to exploit the versatile optomechanical
interaction to design compact classical and quantum sensors.
Optomechanical systems are fundamentally limited by thermal noise
from the environment, which interferes with the measurement signal
and causes decoherence of fragile quantum states. Levitated optome-
chanics suspends the system without any physical connection to the
environment. The resulting exquisite isolation means that the quan-
tum ground state of its harmonically confined motion can be attained
at room temperature using feedback-cooling.1 This is promising for
both high-precision laboratory measurements and deployment in
noisy real-world settings.2,3 Levitation also leads to a natural coupling

with gravity. Thus, levitated systems are natural testbeds for probing
some of the deepest outstanding questions in physics, such as quantum
gravity and gravity-induced wavefunction collapse mechanisms.4

Diamagnetic levitation of graphite slabs offers a unique platform
for levitated optomechanics. Most levitated platforms use active meth-
ods, such as optical tweezers or Paul traps. These use time-varying
optical or electromagnetic fields2,3 and can trap particles of nano- and
micro-meter sizes. In contrast diamagnetic levitation is passive, and
centimeter-sized slabs of graphite can be easily levitated above an array
of commercially available permanent magnets.5–9 This removes the
noise associated with an active power source.10 Moreover, the lowered
power and hardware requirements are promising for developing com-
mercial sensors. Diamagnetic levitation can also support much larger
masses than traditional levitated optomechanics. More massive
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systems have greater sensitivity for accelerometry and gravimetry11,12

and are crucial to explore the behavior of quantum physics at larger
scales. The large mass, ease of use, and passive nature give graphite dia-
magnetic levitation a unique status in levitated optomechanics.

The greatest limiting factor for these systems is eddy damping.
Most experiments use highly oriented pyrolytic graphite (HOPG), a
synthetic material consisting of layered planes of graphite. This has
a very strong diamagnetic susceptibility along the axis perpendicular
to the graphite planes. However, HOPG is an electrical conductor.
As it moves through the magnetic field generated by the magnets,
currents are induced along the graphite planes, which cause strong
damping. Consequently, the quality factor of levitated pyrolytic
graphite in vacuum is only several hundred for millimeter-sized
slabs and decreases as size increases.9 Although a thin graphite film
has demonstrated sufficient sensitivity to experimentally test theo-
ries of dark matter,13 increasing the quality factor would substan-
tially increase sensitivity and unlock powerful feedback-cooling
methods.

It is, thus, necessary to find methods of suppressing eddy damp-
ing in levitated graphite systems. The currents can be disrupted by
engineering narrow slits, allowing quality factors of several thousand
in vacuum.14,15 An alternative approach has been to use composite
materials, consisting of micrometer-sized graphite particles dispersed
in an insulating resin.16 Eddy currents can only flow within the micro-
particles or between neighboring particles which happen to touch. In
such systems, eddy damping depends only on the size of the particles
and is independent of the overall size of the resonator. Millimeter-
sized slabs of composite graphite attained quality factors of half a mil-
lion at high vacuum at room temperature, the largest demonstrated for
any system of that mass.16

Composite graphite is, thus, a highly promising system for levi-
tated optomechanics. However, it also presents new challenges. Since
the magnetic susceptibility of graphite is highly oriented, the random
positioning of particles in the composite lowers the effective magnetic
susceptibility. The susceptibility further decreases for particle sizes
smaller than 30 lm,17 though such sizes are necessary to significantly
suppress eddy currents. Thus, the mass that can be supported is
decreased, if, for example, we wished to place a mirror or other system
on the levitated graphite. There is also a limit on the volume fraction
of graphite in the material, which was about 40% in Chen et al.16 for
reasons of structural integrity. Moreover, the graphite particles must
be kept separated by the insulating resin. At high volume fractions, it
becomes increasingly likely that neighboring graphite particles will
touch, allowing eddy currents to flow between them and, thus, decreas-
ing the quality factor.

To enable large graphite volume fractions while maintaining sup-
pression of eddy currents, we coat the graphite particles with an insu-
lating shell. Our graphite particles are mesocarbon microbeads
(MCMB), whose average diameter is 116 2 lm. We chemically coat
these with a thin insulating layer of silica in a “sol-gel process” using
polyethylene glycol (PEG) and the silica precursor tetraethyl orthosili-
cate (TEOS)18 (see the supplementary material for details on the fabri-
cation process). First, PEG adsorbs onto the surface of the
microcarbon microbeads. A solution of TEOS and ammonium
hydroxide catalyst is then added and stirred for 17h on a hot plate.
During this time, silicon from TEOS attaches to the PEG, resulting in a
silica coating on the graphite as shown in Fig. 1(a). The mixture is

then washed, filtered, and dried. Analysis using scanning electron
microscopy with elemental mapping shown in Fig. 1(b) confirms the
near-uniform coverage of the graphite beads with silica. The powder is
then mixed in vacuum-compatible wax at a temperature of approxi-
mately 150 � C, then cooled, and shaped into small square slabs of
approximate width 8 mm and thickness 0:5 mm. We obtained a
graphite mass fraction of 57%6 2%, with the volume fraction esti-
mated as 41%6 2%. At larger volume fractions, mixing the graphite
powder into the wax requires significant stirring force, which causes
cracking of the silica shell.

The graphite slabs are levitated above a checkerboard-array of
four permanent magnets, whose upper faces alternate between north
and south poles. In Figs. 2(a) and 2(b), we show photographs of both
pyrolytic and composite graphite, taken from above once their posi-
tions had reached equilibrium. We can see that the pyrolytic and com-
posite graphite exhibit different orientations. This arises from the
difference in their magnetic susceptibilities. The potential energy of a
diamagnet in a magnetic field is given by

UBðz;/Þ ¼ � 1
2l0

ð
Vðz;/Þ

vxB
2
x þ vyB

2
y þ vzB

2
z

h i
dx dy dz: (1)

FIG. 1. Coated graphite and experimental setup. (a) We chemically coat each
graphite particle with a layer of electrically insulating silica. Polyethylene glycol
(PEG) works as a bridgemer, allowing silica to bind to the surface of the graphite.
The coated graphite particles are mixed with vacuum-compatible wax and shaped
into insulating diamagnetic slabs. (b) Scanning electron microscope image of the
coated graphite microbeads, overlaid with energy-dispersive x-ray (EDX) elemental
mapping. Green regions indicate silicon, confirming the presence of the insulating
coating. (c) The insulating diamagnetic slab levitates above a checkerboard of four
NdFeB magnets with orientation alternating between the north and south poles. The
system is placed on a vibration–isolation platform and then kept in high vacuum
(10�6 � 10�7 mbar) (see Ref. 14 for more details of this setup). A mirror is fixed
onto the slab for interferometric real-time measurement of the position and velocity.
The delayed velocity signal is fed back after filtering and time delay through a coil
of wire, which applies magnetic actuation to cool the vertical motion of the slab.
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Here, vj are the components of the magnetic susceptibility tensor, Bj
are the components of the magnetic field, and l0 is the vacuum perme-
ability. The integral is over the volume V of the slab, which depends
on its levitation height z and orientation /. The susceptibility of pyro-
lytic graphite is highly anisotropic: vpyroj ¼ �ð85; 85; 450Þ � 10�6,
and thus, the slab orients itself primarily to avoid the z-component of
the magnetic field. The composite graphite, on the other hand, has uni-
form susceptibility and orients itself to avoid all magnetic field compo-
nents equally.16 We estimate this to be vcomp

j ¼ �ð90; 90; 90Þ � 10�6,
based on the volume fraction of graphite. We plot the magnetic poten-
tial energy densities in Figs. 2(c) and 2(d), which we see accounts for
the difference in orientation.

We can further study the difference between the two materials by
evaluating the total potential energy, which is the sum of the magnetic
and gravitational components. We graph this for pyrolytic and com-
posite graphite in Figs. 2(e) and 2(f), which clearly show the difference
in orientation. We can see that the composite graphite experiences a
much looser angular confinement. The composite also levitates at
smaller heights as compared to the HOPG. There are several effects
which contribute to the different levitation height, namely, the lower
effective susceptibility of the composite, its graphite mass fraction of
57%, and the density of the wax. These factors also influence the shape
of the trap, as we discuss further in the supplementary material.

We note that these observations seem to disagree with those of
Chen et al.,16 which reported composite resonators to orient them-
selves similarly to pyrolytic graphite. A more detailed analysis in our
supplementary material does not find a regime where such orientation
is expected. One likely explanation is the geometry of the magnets. In
our experiment shown in Figs. 2(a) and 2(b), the chamfering is small
compared to the size of the magnets and graphite slabs; hence, we
assumed the magnets to be perfect cubes in our analysis. However, in
Chen et al. their magnets show significant chamfering, comparable to
the size of their composite slabs. Given how shallow the composite
potential is in Fig. 2(f), it is likely that this could be distorted by such
changes to the magnet geometry. Another explanation could be that
some unknown factor is causing slight orientation of the particles in
their composite.

The composite’s trapped dynamics were characterized using the
setup shown in Fig. 1(c). The insulating resonator is levitated by an
alternating polarity checkerboard magnet array made up of four
NdFeB magnets. They are rigidly held within a holder that is mounted
on a small optical breadboard. The breadboard itself sits on four vibra-
tion isolation supports. The velocity and displacement of the resonator
are monitored by an interferometric displacement sensor (SmarAct
PICOSCALE Interferometer). It is based on a compact Michelson
interferometer and enables high-precision measurement of the posi-
tion (and using numerical differentiation, also the velocity), in real
time with a resolution of picometers at a high bandwidth. The sensor
of the PICOSCALE is fixed to a five-axis ultra-high vacuum-
compatible motorized stage. The whole structure is placed in a vacuum
chamber, which is evacuated by a system consisting of a turbopump,
an associated roughing pump, and an ion pump. During the measure-
ment periods, the turbopump is switched off to avoid mechanical
vibrations, while the ion pump operates continuously to maintain a
high vacuum. To isolate the setup from vibrations, the vacuum cham-
ber and ion pump are supported by a damped and vibration-isolated
optical table, and the turbopump is supported by a separate vibration-

FIG. 2. Re-orientation of diamagnetic slabs for HOPG (left) and composite graphite
(right). (a) and (b) Photographs of levitated slabs above four cubic magnets with
side lengths D ¼ 12:7 mm. The checkerboard magnet array is shown in false color,
with North red and South blue. In (a) the HOPG with dimensions 12:4� 12:4
�0:7 mm3 is oriented diagonally with respect to the magnets, whereas in (b) the
composite graphite with dimensions 8:5� 8:6� 0:6 mm3 orients in line with the
magnets. (c) and (d) Contours of the magnetic potential energy density Eq. (1) as a
function of the lateral position of its center of mass. The dashed lines represent a
slab with side lengths 0:75D. In (c), anisotropic susceptibility of HOPG means that
the z-component of the magnetic field contributes five times as much to the potential
energy as the x, y-components. Thus, the HOPG orients diagonally, which mini-
mizes overlap with the Bz-component. The composite graphite in (d) has an isotro-
pic effective susceptibility which weights all components of the magnetic field
evenly. To minimize overlap with the total magnetic field, the slab orients in line with
the magnets. (e) and (f) Total potential energy as a function of orientation and
height, for a slab of side length 0:75D. In (e), for HOPG the density of 2070 kg=m3

is used for calculating the gravitational potential. The energy minima occur when
the slab is aligned at p=4 relative to the magnets, matching our observations. In (f),
the energy of the composite graphite with the density of 1550 kg=m3 is minimized
when the slab is in line with the magnets. The composite levitates lower than
HOPG, due to its lower effective susceptibility. Note that (c)–(f) are individually nor-
malized, so the color scale cannot be directly compared between plots.
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damped and isolated platform. The insulating resonator levitates above
a checkerboard of four permanent magnets, with a small mirror placed
on top of the slab in order to read out its position and velocity with a
PICOSCALE interferometer. This setup is most sensitive to the slab’s
vertical oscillation, whose frequency is observed to be 18:95 Hz. This
frequency matches simulations of the potential in Fig. 2(d). We actuate
the system using a coil situated just above the graphite. A current flow-
ing through this coil generates a magnetic field along its vertical axis,
which perturbs the field generated by the magnets and, thus, exerts a
force on the graphite. As discussed in the supplementary material, the
force exerted by the coil depends only on the magnitude of the applied
voltage, not its sign. When applying voltage signals to the coil, we,
thus, operate around a DC shift, allowing us to apply both positive and
negative forces. When performing measurement at high vacuum only
the ion pump is left on, allowing us to maintain vacuum while mini-
mizing vibrations. We refer to the supplementary material for further
details on the setup.

To study the eddy damping in our composite resonator, we drive
the vertical mode using the coil close to the resonance frequency of
18:95 Hz and then measure the ringdown at a pressure of
1:2� 10�6 mbar for 10 000 s, as shown in Fig. 3. The velocity of a
damped resonator decays exponentially as vðtÞ / e�pf0t=Q, where f0 is
the natural frequency of the vertical mode. By fitting the envelope of
measured velocity, we find the quality factor of vertical mode
Q � 1:58� 105 for the 8mm square composite plate.

Our measured damping rate is three orders of magnitude smaller
than HOPG with engineered slots,14,15 showing the effectiveness of
composite materials in suppressing eddy currents. Moreover, the
damping rate is almost one order of magnitude lower than that of the
composite with the same particle size measured in Ref. 16 (see the sup-
plementary material for a detailed comparison). This demonstrates
that the insulating silica shell is indeed suppressing the flow of eddy
currents between neighboring graphite particles, leading to almost an
order of magnitude increase in quality factor.

Optomechanical applications of graphite composites will invari-
ably require feedback cooling.19 Aided by the electromagnetic coil
above the levitated resonator, we apply feedback forces to cool the ver-
tical motion. The feedback signal is generated from the real-time mea-
sured velocity by a Red Pitaya FPGA. To suppress noise and isolate the
vertical mode, the velocity is bandpass filtered using a finite impulse
response (FIR) filter. The filter and electronics have an intrinsic delay
which we find to be approximately 7.6 periods of the 18:95 Hz oscilla-
tion signal. The FPGA, thus, also applies a variable time delay, allowing
us to make sure velocity feedback is applied with the correct phase rel-
ative to the composite’s motion. The signal from the FPGA is then
amplified and applied to the coils. Further details on the feedback
scheme are provided in the supplementary material.

For theoretical analysis, we approximate the vertical motion as a
one-dimensional harmonic oscillator with a thermal drive. This
approximation should be valid for small oscillations, where coupling
to other motional modes should not be significant. Considering the
velocity feedback, the equation of motion is

€xðtÞ þ c _xðtÞ þ x2
0xðtÞ þ Cv _xðt � sÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2ckBT
m

r
nðtÞ; (2)

where dots denote the time derivative. The vertical position of the
oscillator is given by x. The oscillator has resonant frequency
x0 ¼ 2pf0, damping rate c, and mass m. The temperature of the ther-
mal bath is T, and kB is Boltzmann’s constant. The bath is modeled as
Gaussian white noise nðtÞ, with autocorrelation hnðtÞnðt0Þi
¼ dðt � t0Þ. The feedback strength is given by Cv , which is applied
with some time delay s. This corresponds to a feedback force of
mCv _xðt � sÞ. In the supplementary material, we show that this has
power spectral density

SxxðxÞ ¼ 2kBTc=m

x2
0 � x2 þ xCv sin ðxsÞ

� �2 þ xcþ xC� cos ðxsÞ½ �2
:

(3)

This formula is valid when n� 1=4� sf0 � nþ 1=4, where f0 is the
oscillator frequency and n is an integer. In this regime, the time-delay
is such that the applied feedback opposes the system’s velocity.
Otherwise the feedback acts to amplify the velocity, causing
unbounded heating of the system.

To characterize the effectiveness of feedback in this system, we
performed delayed velocity feedback cooling experiments at moderate
(�1� 10�2 mbar) and low (�1� 10�6 mbar) pressures, with varying
time delays and feedback strengths. The measured power spectral den-
sities are shown in Fig. 4, which match closely with Eq. (3). We
describe the feedback using feedback strength CvðHzÞ and dimension-
less time delay ~s ¼ sf0, where f0 is the natural frequency in the mag-
netic trap. At moderate pressures, we can estimate the value of c by
fitting to the PSD. At low pressures, the PSD is very narrow, so we esti-
mate c using ring-down measurements. The parameter Cv is fit from
the experimental data. For the time delay s, we first find an approxi-
mate value using our measured delay and the manual delay added by
the FPGA and then fit s within one period deviation of this. It is also
necessary to fit the overall scale of the PSD. This scale fitting accounts
for the fact that Eq. (2) models a point particle following ideal
Brownian motion, whereas our system consists of a three-dimensional
extended plate. Measurements at the moderate pressure took 20min,

FIG. 3. Ringdown of the composite graphite resonator at a pressure of
1:2� 10�6 mbar. The blue line shows velocity as measured by the interferometer.
The inset zooms-in over a span of 1 s. The red curve denotes the fitted envelope,
from which we find a damping rate of c � 7:4� 10�4 Hz, corresponding to a qual-
ity factor of Q � 1:58� 105. This is almost an order of magnitude smaller than the
damping rate for other graphite composites with similar particle sizes
(116 2 lm).16 This demonstrates that the insulating silica shell is effectively sup-
pressing eddy currents between neighboring graphite particles.
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while at low pressure, we required 7 h to resolve the peak. As we show
in the supplementary material, at low pressure without feedback, the
resonance frequency drifts slightly during this time which may be
caused by the thermal expansion of the composite plate.

The temperature is defined as being proportional to the inte-
grated area under the PSD. We find that cooling is strongest when s is

an integer number of periods, which from Eq. (2) means that the feed-
back is directly opposing the velocity. When s deviates from an integer
value the PSD broadens and the peak shifts. At higher pressures with
strong feedback strength, the time delay leads to visible sidelobes.
Increasing the strength of the feedback leads to stronger cooling and
larger sidelobes at higher pressure. At low pressure, with a time delay
of 8 periods and a feedback strength of Cv ¼ 0:75 Hz, we attain three
orders of magnitude decrease in the temperature. We note that
Brownian motion is typically studied for spherical objects. Brownian
motion for non-spherical objects yields shape-dependent anisotropic
diffusion,20 which means that estimating the effective mass and abso-
lute motional temperature through hx2i is difficult. We do the mea-
surements following extended periods for the system to rest, which
leads us to suppose that the system without feedback is in thermal
equilibrium with the environment at 300 K and so the minimum tem-
perature could be T � 320 mK. We refer to the supplementary mate-
rial for further discussion of the experimental data and analysis.

In conclusion, we demonstrate a magnetically levitated
centimeter-size composite resonator by mixing the silica-coated graph-
ite particles with wax. The insulating coating on the graphite prevents
eddy currents from flowing between adjacent particles, significantly
reduces eddy damping, and provides a route to engineer larger
motional Q-factors. We report the cooling of vertical motional mode
at different delays and feedback strengths, with good agreement
between experiment and theory. At suitable feedback conditions, we
realize strong cooling of the centimeter-sized resonator by three orders
of magnitude decrease in the center-of-mass temperature. In future
work, larger Q-factors could be attained by further reducing the graph-
ite particle sizes and using filtering to remove stray large particles.
There are also schemes for cooling low frequency resonators further
toward their ground state.21,22 We note that one does not need to
approach the ground state for the demonstrated resonator to be useful
as a sensor. The acceleration sensitivity of a thermal noise limited reso-
nator can be estimated as

ffiffiffiffiffi
Sa

p ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4kBTx0=mQ

p
.11 For our massive

high-Q resonator at T ¼ 320 mK, the acceleration sensitivity can
reach�1:7� 10�12g=

ffiffiffiffiffiffi
Hz

p
, which is more precise than research grade

atomic gravimeters,23 the latter which achieve �2:2� 10�9g=
ffiffiffiffiffiffi
Hz

p
,

where g is the gravitational acceleration. This work is an initial step
toward the preparation of quantum states of motion of large objects
and shows the potential of our composite resonator for fundamental
quantum physics and ultrahigh precision sensing.

See the supplementary material for details of the fabrication and
characterization of the resonators, description of the setup, measure-
ment and simulation of Q factors, theory of orientation of the resona-
tors, theory and simulation of delayed feedback cooling, and
measurement and fitting of the PSDs.
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FIG. 4. Power spectral densities at (a) and (b) moderate pressure 10�2 mbar and
(c) and (d) low pressure 10�6 mbar. We parameterize these with the feedback
strength Cv (Hz) and dimensionless time delay ~s ¼ sf0, where f0 is the natural fre-
quency (Hz). The noisy traces are the experimental data, smoothed using Welch’s
method. The curves are fittings to Eq. (3), which show good agreement with theory.
In (a) and (c), we fix Cv ¼ ð3; 0:75Þ Hz, respectively, and vary the time delay. In
(b) and (d), we fix ~s ¼ 8 and vary the feedback strength. We note the presence at
moderate pressure of other modes. Sidelobes appear due to the significant time
delay in the system. At low pressure, the peak is significantly narrowed, and feed-
back cooling is able to decrease the temperature by three orders of magnitude. All
fitting parameters are provided in the supplementary material.
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