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Suppressing mechanical dissipation of diamagnetically levitated oscillator
via engineering conductive geometry
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Diamagnetically levitated oscillators of millimeter and submillimeter size are emerging ultrasensitive sensors
for gravitylike force and acceleration measurements. However, improving the levitation capability while keeping
mechanical dissipation low remains an open challenge. Here, we propose and experimentally demonstrate an
engineering conductive geometry scheme to efficiently reduce the mechanical dissipation of a diamagnetically
levitated oscillator made of pyrolytic graphite. We show that with a specially designed conductive geometry,
the eddy current damping is reduced, and the reduction factor increases as the engraving pattern being denser.
Under high vacuum and room temperature, eddy current damping is the dominant contribution to mechanical
dissipation, and we reduce it by a factor of 50 in the experiment. Our work opens up a new way to achieve
diamagnetically levitated oscillator with ultralow mechanical dissipation and strong levitation capability, a
candidate platform for studying a broad range of fundamental physics.
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I. INTRODUCTION

Levitated mechanical oscillators in high vacuum have
been emerging to be a promising system extremely isolated
from the environment [1]. With ultralow dissipation [2–4],
the oscillator has huge advantages in sensing weak signals,
for example, the inertia sensing [5–9], single spin detection
[10–13], thermometry [14,15], magnetometry [16,17], and
tests of wave-function collapse models [18–21]. Recently, the
diamagnetically levitated oscillators of millimeter and sub-
millimeter size have been demonstrated to be ultrasensitive
for near-surface force detection [22–24] and gravitylike force
sensing [25–27], which is of great interest for test of new
physics [28–36].

In the measurement of forces proportional to the amount
of atoms in a diamagnetically levitated oscillator, accelera-
tion sensitivity is crucial. The acceleration sensitivity of the
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oscillator is limited by the thermal noise:

Saa(ω0) = 4γ kBT

m
. (1)

Here, γ is the mechanical dissipation, kB is the Boltzmann
constant, T is the temperature, and m is the mass of oscillator.
At room temperature, the ratio γ /m needs be reduced to
improve the sensitivity. Besides, the oscillator should be well
suited for the sophisticated structure design to adapt to specific
weak signal sensing. Addressing these issues simultaneously
is an open challenge: for a diamagnetically levitated oscillator
with mass up to 10 mg, strong levitation capability is nec-
essary due to the scaling law of the magnetic field [37,38];
and the dissipation path of such an oscillator of this large size
needs to be well-controlled to reduce it mechanical dissipation
[12]. Pyrolytic graphite is a strong diamagnetic material that
is able to provide sufficient levitation force to counteract the
gravity. However, because of eddy currents, the mechanical
dissipation of pyrolytic graphite is quite large, resulting in
poor acceleration sensitivity.

In this paper, we propose and experimentally demonstrate
an engineering conductive geometry scheme to efficiently
reduce the mechanical dissipation of the diamagnetically
levitated oscillator made of pyrolytic graphite, which is at
millimeter scale. Using a specially designed conductive ge-
ometry based on theoretical design and numerical simulation,
we show that the mechanical dissipation can be significantly
reduced and the reduction factor increases as the engraving
pattern being denser. For a diamagnetically levitated pyrolytic

2643-1564/2023/5(1)/013030(9) 013030-1 Published by the American Physical Society

https://orcid.org/0000-0002-1413-6203
https://orcid.org/0000-0001-5531-9711
https://orcid.org/0000-0003-3913-0630
https://orcid.org/0000-0002-5258-5560
https://orcid.org/0000-0003-3311-7603
https://orcid.org/0000-0002-2892-8201
https://orcid.org/0000-0002-7571-5495
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevResearch.5.013030&domain=pdf&date_stamp=2023-01-23
https://doi.org/10.1103/PhysRevResearch.5.013030
https://creativecommons.org/licenses/by/4.0/


HAN XIE et al. PHYSICAL REVIEW RESEARCH 5, 013030 (2023)

graphite oscillator, a reduction factor of 50 is achieved in the
experiment, in agreement with the theory. The results demon-
strated in this work pave the way for establishing a platform of
diamagnetically levitated oscillator with ultralow mechanical
dissipation and strong levitation capability that can be applied
to study a broad range of fundamental physics.

II. THEORETICAL MODEL

The mechanical dissipation γ of diamagnetically levitated
oscillators made of pyrolytic graphite is composed of two
parts: the air dissipation γair and the eddy current dissipation
γec. Air dissipation γair varies with pressure, and in a high
vacuum of 10−4 mbar, the contribution of air dissipation is
small. The dissipation γec comes from the eddy currents cre-
ated in conductors when the oscillator is moving in a magnetic
field, and does not vary with pressure. For a pyrolytic graphite
oscillator moving at a velocity ż in a static magnetic field of
B in high vacuum, the mechanical dissipation γ is dominated
by the eddy current dissipation γec. The dissipation term of an
oscillator comes from the dissipation force Fd , which can be
expressed as

Fd = −mγ ż. (2)

Here, the negative sign means the direction of the dissipation
force Fd is opposite to the direction of the velocity ż. In
our system, the dissipation force Fd of eddy current is the
Lorentz force, which can be expressed as Fd = J×B. If we
only consider the velocity ż along z direction, the eddy current
density J can be expressed as J = −σ (ż×B), where σ is the
conductivity. We can calculate the eddy current dissipation γec

in the oscillator by

γec = σ

m

∫
V

((By i − Bx j) × B) · k dV, (3)

where the i, j and k represent the unit vectors along the x,
y, and z directions, respectively, and V is the volume of the
pyrolytic graphite flake.

To clearly demonstrate the physical principle, pyrolytic
graphite flakes without and with engraving pattern are placed
in a static magnetic field as shown in Figs. 1(a) and 1(b),
respectively. For an unprocessed square pyrolytic graphite
flake without the engraving pattern shown in Fig. 1(a), the
eddy current loops are approximately a series of concentric
square loops around the center of the flake, as indicated by the
red arrows. While for a piece of processed pyrolytic graphite
flake with engraving pattern shown in Fig. 1(b), the eddy
current loops are separated into a series of small loops along
the pattern slits. It is what we call the engineering conductive
geometry. The pyrolytic graphite flake is engraved through by
the designed slits, and the effective resistance for eddy current
loops increases. As the eddy current is smaller, the dissipation
force Fd decreases, and hence the eddy current dissipation
γec is suppressed. To reduce the eddy current dissipation γec

more effectively, we have to carefully design the conductive
geometry for the specific diamagnetically levitated oscillators
based on numerical simulation. We designed and simulated
several different engineering conductive geometry schemes.
To maintain the comparability of these schemes, we keep
several parameters the same in these schemes: the oscillators

FIG. 1. Eddy currents in pyrolytic graphite oscillators moving in
a static magnetic field. The red arrows represent the eddy current
loops in an oscillator moving in the z direction with a velocity of ż.
The dissipation force caused by the eddy current is Fd . (a) The os-
cillator is made of square pyrolytic graphite flake without engraving
pattern, the eddy current loops are approximately a series of concen-
tric square loops around the center of the flake. (b) The oscillator is
made of flake with engraving pattern, whose eddy current loops are
separated into a series of small loops along the pattern slits.

have the same original size, the engraving width of the slits
is set as 10 µm and the length of the remaining part after
engraving is 0.5 mm.

Here are some parameters used in the simulation. The
pyrolytic graphite has a density of 2.2 g/cm3, the val-
ues of conductivity σ along x, y, and z directions are
3.3×105 S/m, 3.3×105 and 3.3×102 S/m, respectively [39].
Its anisotropic magnetic susceptibility χV along x, y, z direc-
tions are −8×10−5,−8×10−5, and −9×10−4, respectively,
the values are measured by a Superconducting Quantum Inter-
ference Device. The pyrolytic graphite oscillator, with a size
of 5×5×0.2 mm, moves harmonically in z direction on the
top of a magnetogravitational trap. This trap was used in our
previous experiment to provide a stable bound in x − y plane
[40]: Four 5×5×5 mm magnets with saturation magnetization
1 T are arranged in a 2×2 matrix. The polarization is along
the z axis, and the two magnets in the diagonal position are
polarized in the same direction, while the magnets in the
adjacent locations are polarized in the opposite direction. This
configuration can efficiently levitate pyrolytic graphite flake
by creating a steady trap in the top central portion of the
magnets. Measured from experiment, the pyrolytic graphite
oscillator’s levitation height is 0.75 mm.
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FIG. 2. The eddy current dissipation γec/2π of different engineering conductive geometry schemes with the change of number of slits N
obtained by numerical simulation. [(a)–(d)] The magnetic field direction is perpendicular to the paper, the circle represents the magnetic field
outward, and the cross represents the magnetic field inward. Here, the number of slits is N = 4, and the red arrows represent the directions
of eddy current in different schemes when the oscillator moving along z direction, and the information of strength of the current density is
omitted. [(e)–(h)] The blue points is the eddy current dissipation γec/2π of the corresponding scheme, and the gray dashed line is the eddy
current dissipation γec/2π when N = 0, which is 0.1 Hz. The simulation results find that engineering conductive geometry schemes (d) has
the lowest dissipation γec/2π = 2.8 mHz when N = 100.

Figure 2 plots the simulation results of the eddy current
dissipation γec with different engineering conductive geom-
etry schemes. In Figs. 2(a)–2(d), the static magnetic field
direction is perpendicular to the paper direction, the circle
represents the magnetic field lines outward the paper, and the
cross represents the lines inward the paper. The red arrows
indicate the eddy current loops in oscillators, here the number
of slits is N = 4. The corresponding numerical results of the
eddy current dissipation are shown in Figs. 2(e)–2(h). The
grey dashed line in the figure indicate the dissipation of un-
processed pyrolytic graphite flake, which is γec/2π = 0.1 Hz.
For the case with cross-shaped slits shown in Fig. 2(a), the
change of the dissipation is not obvious with the increase of N .
The reason is that, some eddy currents can travel between the
cross-shaped slits, and these eddy current loops will increase
as N increases. In the scheme Fig. 2(a), the final dissipation
can only reach γec/2π = 0.05 Hz. By engraving the graphite
into independent strips, we designed another comb-shaped
structure in Fig. 2(b), this conductive geometry can prevent
the eddy current loops from traveling between each strip. We
found that the decline of dissipation is not infinite, it would
gradually saturate as N reaches 50, and achieves a minimum
dissipation of 3.2 mHz at N = 100. The scheme Fig. 2(b)
will also sacrifice part of oscillator’s mechanical strength due
to the overly long engraving slits. And the center of mass
of the oscillator is translated away from the center of the
square, which will make the oscillator prefer rotating other
than translating. Therefore we used the two-side comb-shaped
engraving process in Figs. 2(c) and 2(d) as the optimization
of scheme Fig. 2(b). The symmetrical designed pattern can
maintain the center of mass and ensure sufficient mechanical
strength. The direction of the slits is along the side direction in
the scheme Fig. 2(c), and along the diagonal direction in the

scheme Fig. 2(d). The corresponding mechanical dissipation
are γec/2π = 3.0 and 2.8 mHz, respectively.

Through theoretical design and numerical simulation, the
engineering conductive geometry scheme can actually reduce
the eddy current dissipation γec of the pyrolytic graphite os-
cillator. The lowest dissipation we got so far is in scheme
Fig. 2(d) with γec/2π = 2.8 mHz. Therefore we experimen-
tally verify the optimization of the eddy current dissipation of
the pyrolytic graphite oscillator with scheme Fig. 2(d). There
could be better designed schemes waiting to be proposed.

III. EXPERIMENTAL SYSTEM

We tested our scheme using the diamagnetically levitated
oscillator made of pyrolytic graphite in high vacuum of
10−4 mbar at room temperature. The engineering conductive
geometry was achieved by the laser engraving on the pyrolytic
graphite flake of size 5×5×0.5 mm3. The photo of a square
pyrolytic graphite flake without engraving pattern is shown
in Fig. 3(a) and the photo of a piece of typical engraved py-
rolytic graphite flake with number of slits N = 20 is shown in
Fig. 3(b). In our experiment, we made oscillators of different
numbers of slits, N = 5, 10, 15, 20, and 50. The engraving
width of slits of the oscillators with N = 5, 10, 15, and 20
is 0.1 mm. When N = 50, due to the size limitation of the
pyrolytic graphite flake, the engraving width is 0.04 mm.
It is worth mentioning that after laser engraving, the oscil-
lators with different N have different masses, we polished
them in the z direction to ensure that their masses are the
same to compare their values of mechanical dissipation γ

directly. An oscillator with measurement part is shown in
Fig. 3(c). A glass rod is attached onto the center of pyrolytic
graphite flake vertically, and a copper wire is glued on the rod
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FIG. 3. Photos of the oscillators made of pyrolytic graphite flakes
and the experiment system. (a), (b) Photos of unprocessed and pro-
cessed pyrolytic graphite flakes. (a) The square pyrolytic graphite
flake without engraving pattern. (b) Processed pyrolytic graphite
flakes with engraving pattern, the number of slits is N = 20, the
engraving width of the slits is 0.1 mm. (c) The photo of pyrolytic
graphite oscillator with measurement part: A glass rod stands on the
center of the pyrolytic graphite flake with a horizontal thin copper
wire for optical motion detection. Both the glass rod and the copper
wire are fixed by UV glue. (d) The experiment system: The oscillator
is loaded in the magnetogravitational trap. A 1550-nm laser with the
power of the order of µW is applied to fiber on the left as an emitter,
while a photodiode is connected to the fiber on the right side as a
detector. The laser is scattered by the thin copper wire and is finally
received by the detector. The glass rod is enlarged for easy viewing.

horizontally for the optical motion detection. Both the glass
rod and the copper wire are fixed by UV glue, and their masses
are much smaller than that of the pyrolytic graphite flake,
which can minimize the dissipation caused by the measure-
ment part.

The experimental system was positioned on the air flota-
tion platform to isolate the vibration from the ground. As
shown in Fig. 3(d), in the vacuum chamber, there are the
magnetogravitational trap and the laser detection system. The
trap was placed in a specially designed two-stage vibration
isolation system to isolate the strong vibration from the pump
and other instruments. The detection light path was located
approximately 5 mm above the trap. A 1550-nm laser was ap-
plied to the fiber on the left as the emitter, while a photodiode
was connected to the fiber on the right side as the detector. The
magnetogravitational trap was fixed on a motorized positioner.
Its position can be adjusted three-dimensionally, so that the
position of the oscillator can be adjusted to make sure that
the laser can be scattered by the thin copper wire and finally

be received by the detector. The intensity of the scattered light,
corresponding to the real-time displacement of the oscillator,
was measured by the photodiode. Then the signal was am-
plified and recorded for further procedure. After loading the
oscillator into the trap and adjusting it to a suitable position for
motion detection, the circuits of the positioner were removed
to avoid unnecessary vibration disturbance. There were
20 turns of copper wires wrapped around an iron core as
an excitation coil to generate magnetic driving force, and it
was mechanically attached to the first-stage vibration isolation
at a distance of 1 cm from the oscillator. Pressure gauges
and thermometers were also installed inside the chamber to
monitor changes in pressure and temperature in real time.

IV. EXPERIMENT DESCRIPTION AND RESULTS

The method to measure the mechanical dissipation in our
experiment is recording the displacement amplitude of py-
rolytic graphite oscillator during the total process of free
decaying. The free decaying of the oscillator is described by

X (t )2 = X (0)2 exp(−γ t ). (4)

The free decaying of X (t )2 is measured by exciting the oscilla-
tor to initial displacement amplitude X (0) using an excitation
coil. The square of the amplitude X (0)2 decays by a factor
of more than 1000 in the measurement. Then the mechani-
cal dissipation γ is obtained by fitting the measured data to
the time evolution equation X (t )2 = X (0)2 exp(−γ t ). In our
experiment, the X (t )2/X (0)2 can be obtained from the power
spectral density (PSD) of the oscillator’s displacement.

The experiment measurement was carried out in high
vacuum at room temperature. The masses of oscillators were
7.9 ± 0.3 mg. In the atmospheric pressure environment, we
used a loudspeaker to actuate the whole magnet setup and
determined the approximate frequencies of all the oscillator’s
motion modes. Then in vacuum, we swept the driving force
by the excitation coil to determine the accurate frequencies
of modes: in x, y, and z axes, the translational frequencies
were 7.5, 8.8 and 23.5 Hz, and the rotating frequencies
were 16.9, 18.1, and 12.8 Hz, respectively. Among these
motion modes, the frequency of z direction translation is the
highest. In practice, we choose to study the mechanical
dissipation of the translational motion mode along z
direction.

Firstly, we used an unprocessed oscillator and a processed
oscillator with number of slits N = 50 to compare their energy
damping time τ = 1/γ in different pressures in the range of
2×10−4 mbar to 1×10−2 mbar at the same temperature. We
repeated the measurement 10 times at each pressure to get the
averaged damping time and its standard deviation. Figure 4(a)
shows that the unprocessed pyrolytic graphite oscillator’s
average damping time is 1.3 ± 0.2 s. The corresponding dis-
sipation γ /2π = 0.125 Hz. The fitted curve shows that most
of the dissipation is contributed by eddy current dissipation,
because its damping time hardly changes with the change
of pressure. And the eddy current dissipation is very high.
Figure 4(b) shows the damping time of the pyrolytic graphite
oscillator after processing with N = 50. Its damping time
will increase with the decrease of pressure, because the eddy
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FIG. 4. The damping time τ of unprocessed pyrolytic graphite
oscillator and processed oscillator with N = 50 in the pressure
range of 2×10−4 to 1×10−2 mbar. (a) The damping time τ of
the unprocessed pyrolytic graphite oscillator nearly constant around
1.3 ± 0.2 s. The eddy current dissipation is huge at this time. (b) The
damping time τ of the processed oscillator with N = 50 will increase
with the decrease of pressure. The damping time τ measured under
2×10−4 mbar can reach 65 ± 2 s. Taking into consideration that there
is still contribution from air dissipation, the eddy current dissipation
has been suppressed more than 50 times.

current is significantly reduced. The damping time measured
under 2×10−4 mbar can reach 65 ± 2 s. Taking into con-
sideration that there is still contribution from air dissipation,
the eddy current dissipation has been suppressed more than
50 times.

Then we measured the mechanical dissipation γ of oscilla-
tors with different number of slits N at room temperature in a
pressure of 2×10−4 mbar. For the convenience of comparison,
here we made oscillators with different N but the same mass
of 7.9 ± 0.3 mg. Figure 5(a) is the normalized free decaying
curves X (t )2/X (0)2 versus time for the z-mode of resonant
frequency 23.5 Hz. The solid line represents the measured
curves, and the dashed line represents the numerical results
from simulated eddy current dissipation, corresponding to
N = 0(purple), 5 (black), 10 (blue), 15 (red), 20 (magenta),
and 50 (green). We can see that the damping time becomes
longer as N increases. According to the curves, we get the
damping time τ and mechanical dissipation γ of each os-
cillator, as plotted in Fig. 5(b). The blue solid line is the
measured γ /2π , and the gray dashed line is the simulated
γ . The damping time τ of the oscillator made of pyrolytic
graphite without engraving pattern is only 1.3 s, correspond-
ing to the mechanical dissipation γ /2π = 0.12 Hz. When
the number of slits is N = 50, the damping time τ can

FIG. 5. Experimentally measured free dacaying curve and me-
chanical dissipation γ /2π . (a) The free dacay curve at room
temperature in the pressure of 2×10−4 mbar, the mass of oscillators
is 7.9 ± 0.3 mg. The solid line represents the measured dacay curve,
and the dashed line represents the simulated results, corresponds to
N = 0 (purple), 5 (black), 10 (blue), 15 (red), 20 (magenta), and 50
(green). The damping time τ of the oscillator at N = 50 is increased
by a factor of 50 compared to that of N = 0. (b) The mechanical
dissipation γ /2π changes with the number of slits N , the blue solid
line is the measured γ /2π , and the gray dashed line is the simulated
results.

reaches 67 s, corresponding to the mechanical dissipation
γ /2π = 2.4 mHz. The damping time increases by a factor
of 50 times. It demonstrates that our engineering conductive
geometry scheme can effectively reduce the mechanical dissi-
pation γ through preventing the formation of eddy currents.
The possible reasons for the small inconsistencies between
experiment and numerical results are the following: dense
engraving leads to a decrease in mechanical strength and laser
engraving fails to break down all the gaps.

With the above method, the oscillator’s acceleration
sensitivity can be improved from its initial value of
3.5×10−9g/

√
Hz to 5.6×10−10 g/

√
Hz. It can be even

higher with the growth of pyrolytic graphite oscilla-
tor’s mass. On magnets with a size of 20×20×20 mm3,
we simulated with pyrolytic graphite oscillators of size
L×L×0.2 mm3 to compute their γ and acceleration sen-
sitivity. By increasing the length L of the oscillator in
x and y direction, and keeping the thickness 0.2 mm,
we obtain its mass as a function of the square of the
length L2. The engraving width and the distance between
the slits stays constant, the number of slits N increases with
the growth of length L. The results of the simulation are
displayed in Fig. 6. The oscillator used in our experiment
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FIG. 6. The theoretical mechanical dissipation γ /2π and accel-
eration sensitivity with the change of square of the length L2. The
red stars in (a) and (b) represent the value of the oscillator with
N = 50 used in our experiment.(a) The blue curve represents the
γ /2π with different L2, which decreases as the L2 increases but
starts to increase when the L2 reaches 900 mm2. The reason is that
as the size of the pyrolytic graphite grows to be comparable to the
size of the trap, the levitation height decreases.(b)The blue solid line
and the black dashed line represent the acceleration sensitivity of
the pyrolytic graphite oscillator without engraving pattern at room
(298 K) and low (3 K) temperatures, respectively. The blue and
black dots represent the acceleration sensitivity of the oscillator
with engraving pattern at room temperature and low temperature,
respectively. When the oscillator’s length reaches 34 mm, the mass
is 200 mg and the acceleration sensitivity can reach ∼10−11g/

√
Hz

at room temperature and ∼10−12g/
√

Hz at low temperature.

is represented by the red star in the picture. As shown in
Fig. 6(a), as the length of pyrolytic graphite oscillator in-
creases, the γ gradually decreases first but starts to increase
when the length reaches 900 mm2. The reason is that, as the
length L increases, the size of the pyrolytic graphite grows to
be comparable to the size of the trap, and as a result, the levi-
tation height decreases. In Fig. 6(b), the blue solid line and the
black dashed line represent the acceleration sensitivity of the
unprocessed pyrolytic graphite oscillator at room (298 K) and
low (3 K) temperatures, respectively, with γ /2π = 0.13 Hz.
The blue and black dotted curve represents the acceleration
sensitivity of processed pyrolytic graphite oscillator with laser
engraving pattern. The acceleration sensitivity at room tem-
perature can reach 8×10−11 g/

√
Hz and at low temperature

it can reach 8×10−12 g/
√

Hz. It is worth mentioning that the
acceleration sensitivity represented by the red star in Fig. 6 is
given by Eq. (1), which represents the acceleration sensitivity
when the system reaches the thermal noise limitation. Under

practical experimental conditions, due to the imperfection of
the vibration isolation system, the acceleration sensitivity of
our experimental system would be slightly worse than this
theoretical value.

V. SUMMARY AND DISCUSSION

We propose an engineering conductive geometry scheme
for diamagnetically levitated millimeter pyrolytic graphite os-
cillator, which can prevent the formation of eddy currents,
so as to shift the dissipation from eddy current dominance
to pressure dominance. Our experiments demonstrate that
the use of the processed diamagnetically levitated pyrolytic
graphite oscillator with 50 slits suppresses the mechanical
dissipation by 50 times compared to the unprocessed ones,
under high vacuum at room temperature. To improve the
acceleration sensitivity of the oscillator, we need to reduce
the ratio γ /m. For the pyrolytic graphite oscillator in this
experiment, the acceleration sensitivity is gradually improved
with the increase of the mass. When the mass of the os-
cillator reaches 200 mg, it can reach 10−11g/

√
Hz at room

temperature. Our method is an effective way to increase the
acceleration sensitivity of the oscillator while maintaining the
oscillator’s levitation capability.

The engineering conductive geometry scheme reported
here has potential for further improvements. Due to the lim-
itation of laser engraving technology and vacuum condition,
this scheme has not been realized at its theoretically best
value. At present, the minimum slit width that our technol-
ogy can achieve is 0.04 mm. With more and denser slits,
the eddy current dissipation of the oscillator can be further
reduced. Furthermore, the passive levitation system in our ex-
periment has no additional source of noise, it is appropriate for
low-temperature environments, which have lower thermal
noise levels. In future work, We hope to transplant our sys-
tem to a cryogenic platform, and the system can be pumped
into a higher vacuum. As a result, the acceleration detection
sensitivity can be improved by at least one order of magnitude.
It would be a huge potential advantage in the field of precision
measurement [41–43], in spite of more strict requirements
for the vibration isolation system. This work opens a new
door for studying fundamental physical models by laboratory
experiment in the future, such as wave-function collapse
models [44–46] and dark energy [47].

Recently, we have noticed that a similar method is used in
pyrolytic graphite oscillators to reduce the mechanical dissi-
pation from eddy current damping [48,49].
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FIG. 7. Vibration isolation system. (a) The overall appearance of
the experimental system. (b) The two-stage vibration isolation sys-
tem in the vacuum chamber. The primary vibration isolation platform
with a mass of 8.2 kg is suspended by the springs. The secondary
vibration isolation platform is suspended on the primary vibration
isolation platform by springs and equipped with trap, fibers and so
on, with a total mass of 0.8 kg. (c) Sketch of the vibration isolation
system. The height of the external frame is 220 cm, the overall
length of the vacuum chamber is 190 cm. The length of the primary
vibration isolation spring is 160 cm, the length of the cylinder is
25 cm, and the length of the secondary vibration isolation spring is
16 cm. We used two turbo pumps to achieve a stable vacuum in our
system.

APPENDIX: VIBRATION ISOLATION SYSTEM

As shown in Figs. 7(a) and 7(b), our experiment system is
fixed on a 2.2 m aluminum frame, and there is a two-stage
vibration isolation system inside the vacuum chamber. We
used springs to suspend the primary and secondary vibration
isolation platforms, the mass of the vibration isolation plat-
form is 8.2 and 0.8 kg, respectively. Figure 7(c) is the sketch
of the vibration isolation system.

We test our vibration isolation system by measuring the
power spectrum density (PSD) of voltage Sv at different pres-
sures. As shown in Figs. 8(a) and 8(b), at the pressure of
5.1×10−3 mbar, the γ /2π of pyrolytic graphite oscillator in
z-mode motion is 0.012 Hz, and the integral area of Sv is
6.9 ± 0.4 mV2. At the pressure of 1.4×10−4 mbar, the γ /2π

FIG. 8. Power spectral density (PSD) Sv of the pyrolytic graphite
oscillator in z-mode at different pressures. (a) At the pressure of
5.1×10−3 mbar, the γ /2π of oscillator is 0.012 Hz, and the integral
area of Sv (gray shadow area) is 6.9 ± 0.4 mV2. (b) At the pressure
of 1.4×10−4 mbar, the γ /2π is 0.002 Hz and the integral area of Sv is
8 ± 0.6 mV2. In high vacuum, the impact of environmental vibration
on our system is about 20% of the thermal motion.

is 0.002 Hz and the integral area of Sv is 8 ± 0.6 mV2. The im-
pact of environmental vibrations on our system is about 20%
of the thermal motion in high vacuum, and the oscillator is
nearly in thermal equilibrium. The possible source of noise is
the wires of fiber and thermometer connected to the vibration
isolation system. It is worth mentioning that we measured the
free decaying curve and mechanical dissipation by exciting
the oscillator using an excitation coil. In this procedure, the
oscillator’s excitation amplitude is much larger than thermal
motion.
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