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Ultralow-dissipation mechanical systems play an important role in metrology and exploring macro-
scopic quantum phenomena. Here we report a diamagnetic levitated micromechanical oscillator operating
at 3 K with measured dissipation down to 0.59 μHz and a quality factor up to 2 × 107. This mechanical
system achieves the lowest dissipation among the state-of-the-art microscale and nanoscale mechanical
systems reported to date, with orders-of-magnitude reduction over other systems based on different prin-
ciples. The cryogenic diamagnetic levitated oscillator is applicable on a wide range of mass, making it a
good candidate system for ultrasensitive measurements of both force and acceleration. By virtue of the
strong magnetic gradient, this system is potentially capable of studying quantum spin mechanics.

DOI: 10.1103/PhysRevApplied.15.024061

I. INTRODUCTION

Microscale and nanoscale mechanical systems have
been developed as force sensors to detect different types
of weak physical quantities, such as charge, spin, and mass
[1–3]. Recently they have been considered as a potential
tool to explore fundamental physics, such as dark-matter
models [4–6], wave-function-collapse models [7–12], cor-
rections to Newtonian gravity [13,14], and high-frequency
gravitational waves [15]. To achieve a sufficiently high
signal-to-noise ratio, the target signal should be greater
than the noise level of the mechanical sensor, which is
characterized by noise power density. On one hand, the
noise power density of force is given by

SFF(ω0) = 4mγ kBT, (1)

*hp@nju.edu.cn
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where γ is the mechanical dissipation rate and kB is the
Boltzmann constant. The mechanical system can achieve
high force sensitivity by reduction of the oscillator mass
m even at room temperature [16]. On the other hand, the
noise power density of acceleration is given by

Saa(ω0) = 4γ kBT
m

. (2)

To increase the acceleration sensitivity, it is necessary to
increase the oscillator mass. Therefore, it is always bene-
ficial to reduce the dissipation rate γ and temperature T to
achieve high force and acceleration sensitivity.

Besides applications in metrology, ultralow dissipation
is crucial for studying quantum phenomena at the macro-
scopic scale using microscale and nanoscale mechanical
systems [17,18]. To realize and control a macroscopic
quantum state, such as a spatial superposition, we have to
suppress the thermal decoherence of the mechanical sys-
tem. The thermal decoherence rate of a finite-temperature
oscillator γth = nγ , where n = kBT/�ω0 is the thermal
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average phonon number [19]. To maintain a quantum
superposition state within one oscillation period, the fol-
lowing relation holds:

ω2
0

γ
>

kBT
�

. (3)

The term on the left-hand side is the product of the oscilla-
tor resonant frequency ω0 and the quality factor Q = ω0/γ ,
known as the ω0Q product [19]. A lower temperature and a
lower mechanical dissipation rate γ are always beneficial
to maintain a better quantum coherent state.

For a solid-state mechanical oscillator in a high vacuum,
the dissipation comes mainly from the direct coupling
between the oscillator and the substrate, which is inversely
proportional to the oscillator’s mass. So it is challenging to
achieve very low mechanical dissipation for small oscilla-
tors. Efforts have been made to achieve lower dissipation,
such as optimizing the material [20,21], geometry [23],
and strain [22]. Dissipation down to the scale of milli-
hertz has been reported [22]. For an ultralight mechanical
oscillator made of one-dimensional or two-dimensional
materials, the lowest dissipation reported is 11 Hz with
m = 10−18 g [24].

A levitated mechanical oscillator in an ultrahigh vac-
uum achieves much lower dissipation [25]. Recently, opti-
cal levitation in a high vacuum [26–28] achieved about
10 μHz, and an electric trap [29] achieves about 81 μHz.
Typically, those reported optical and electrical levitated
oscillators work at room temperature, which limits their
performance. Magnetic levitated oscillators, on the other
hand, with no input energy, are especially suitable to work
at low temperature. There are two types of magnetic levi-
tated oscillators: Meissner levitated oscillators [30,31] and
diamagnetic levitated oscillators [32,33]. Meissner levi-
tated oscillators below 10 K were demonstrated recently
[30,31], and achieved mechanical dissipation of approxi-
mately 10 μHz. However, a diamagnetic levitated oscilla-
tor working at low temperature has not been demonstrated
[32–35].

Here we report a diamagnetic levitated microscale
mechanical oscillator at low temperature. A diamagnetic
microsphere with m = 270 pg is stably levitated in a mag-
netogravitational trap. An ultralow dissipation γ /2π =
0.59 ± 0.1 μHz is observed at the resonant frequency
11.7 Hz, achieving a quality factor Q = (2.0 ± 0.4) ×
107. Such dissipation is more than 103 times lower than
that achieved with traditional solid-state oscillators [20–
23], 101–103 times lower than that reported with optical
levitated oscillators [26–28], Meissner levitated oscilla-
tors [30,31], and electrical levitated oscillators [29], and
reduced by about 1 order of magnitude with respect to
room-temperature diamagnetic levitated mechanical oscil-
lators [32–35]. The mechanical dissipation achieved is
even lower than that obtained with a state-of-the-art

milligram-scale pendulum oscillator with mass more than
7 orders of magnitude larger [36,37]. The performance
of this system as a force sensor or acceleration sensor is
evaluated and its potential applications to realize quantum
spin-mechanics systems are discussed.

II. EXPERIMENTAL SYSTEM

The experimental setup is shown in Fig. 1. A mag-
netogravitational trap is placed in a cryogen-free and
high-vacuum cryostat. A specially designed spring-mass
suspension system [Fig. 1(a)] is used to isolate the strong
vibration generated by the cryostat [38,39]. The suspen-
sion structure consists of three stages, with each stage
corresponding to a suspension load mass as well as a char-
acteristic frequency. The designed isolation at a frequency
of 8 Hz is 54 dB and is expected to be better at the resonant
frequency of the diamagnetic levitated micromechanical
oscillator (see Table I for parameters of the suspension
structure).

The magnetogravitational trap is similar to the one used
at room temperature [33] but with modifications of the
geometry. The magnetic field is generated by a set of Sm-
Co magnets with octagonal bilayer geometry as shown in
Fig. 1(b). The oscillator is made of polyethylene glycol,
which is loaded into the trap as a liquid microsphere by
a homebuilt nebulizer at room temperature. The charge on
the microsphere is eliminated by a standard procedure [33].
After pumping of the sample chamber to obtain a vac-
uum, the system is cooled and the oscillator becomes solid
during the cooling process. The sample chamber is then
maintained at 3 K during the experiment. The temperature
of the magnetogravitational trap, due to its weak thermal
connection to the cold plate of the sample chamber, has a
higher temperature of about 7 K.

To obtain the position and the dynamics of the levi-
tated microsphere, a weak 633-nm laser beam with power
less than 50 μW is sent into the chamber via a single-
mode fiber and is loosely focused on the microsphere
[40,41]. The light scattered from the microsphere is col-
lected vertically via the lens and the cryostat windows.
An avalanche-photodiode detector is used to realize feed-
back cooling and excitation of the oscillator. Firstly, the
intensity of scattered light, corresponding to the real time-
information of the microsphere position, is measured by
the avalanche-photodiode detector. Secondly, the signal is
amplified and sent to a computer. The oscillation ampli-
tude and phase at the resonant frequency are calculated.
Then a program-based feedback circuit starts to control the
current of a magnetic coil near the microsphere, which gen-
erates a weak magnetic field. Combined with the magnetic
field gradient of the magnetogravitational trap, a feedback
force is applied to the microsphere. A CMOS camera is
used to record the absolute position of the microsphere.
Figures 1(c) and 1(d) show typical images of the excited
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FIG. 1. Experimental setup. (a) The magnetogravitational trap (MGT) is placed on the three-stage spring-mass suspension system,
which is used to isolate the external vibration. The whole structure is mounted inside the chamber of a cryostat. A 633-nm laser beam
reaches the sample chamber through a fiber and is focused loosely on the microsphere. The piezoelectric positioners are used to control
the position of the trap so that the scattered light can be collected via the lens. A CMOS camera is used to record the position of the
microsphere, and an avalanche-photodiode detector (APD) is used to measure the real-time intensity of the scattered light, which is
used as feedback to cool or excite the motion of the microsphere via the magnetic force of the magnetic field generated by a small coil
near the MGT. (b) The spring-mass suspension structure and the MGT, where soft copper braids are used to realize thermal connection
between different suspension stages. (c),(d) Snapshots of the excited motion of the microsphere corresponding to two oscillation modes
of different resonant frequencies (mode 1, 11.7 Hz, mode 2, 8.4 Hz) in the x-y plane, where the exposure time is 200 ms, much longer
than the oscillation period. The scale bar corresponds to 30 μm. AWG, arbitrary-waveform generator; m1 mass 1; m2, mass 2; m3,
mass 3.

motion of the microsphere corresponding to two resonant
modes.

III. MEASUREMENT METHOD AND RESULTS

The mechanical dissipation rate is obtained by our mea-
suring the energy autocorrelation function 〈X (t)2X (0)2〉.
The motion equation of the mechanical oscillator at reso-
nant frequency ω0/2π is

mẍ + mγ ẋ + mω2
0x + mεx3 = Ffluc(t), (4)

TABLE I. Designed parameters of the vibration-isolation sys-
tem. The characteristic frequency fchar is the mass-spring suspen-
sion resonant frequency in the vertical direction (z axis), which
is significantly larger than the frequency in the horizontal direc-
tion (x, y), and the isolation is characterized by the attenuation of
the square of the vibration amplitude response at a frequency of
8 Hz.

Stage Mass (kg) fchar (Hz) Isolation (dB)

First 7 1.4 29
Second 1.6 2.5 19
Third 0.08 4.6 6

where γ is the dissipation rate, mεx3 is the Duffing non-
linearity of the oscillator, and Ffluc(t) is the total fluctu-
ation force, including thermal fluctuation, external vibra-
tion, and so on. The motion can be written in the form
x(t) = X (t) cos[ω0t + ϕ(t)], where X (t) and ϕ(t) are the
slow-varying amplitude and phase, respectively. There are
several commonly used experimental methods to deter-
mine the dissipation rate γ . One method is to measure the
frequency response of the system. For the harmonic oscil-
lator, the full width at half maximum of the displacement
power spectral density is γ /2π . However, because of non-
linearity, the full width at half maximum is significantly
broadened, even in the presence of only the thermal fluctu-
ation [26,33]. Thus a method to measure the decay of the
energy autocorrelation 〈X (t)2X (0)2〉 that is insensitive to
nonlinearity [42] is used in our experiment. The free decay
of X (t)2 is measured by our exciting the oscillator to ini-
tial amplitude X (0), whose square is more than 10 times
larger than the background stochastic motion 〈Xba〉2. The
background stochastic motion 〈Xba〉2 is driven by the fluc-
tuation force Ffluc(t). The time evolution of X (t)2 is then
given by

X (t)2 = X (0)2e−tγ , (5)
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FIG. 2. Measured mechanical dissipation. (a) Logarithmic plot
of the free ring-down normalized oscillation energy X (t)2/X (0)2

versus time for the oscillation mode of resonant frequency
11.7 Hz. Green and blue dots are results with statistic errors mea-
sured in a helium-gas environment and a vacuum without helium
gas, respectively. Solid curves are fitted to the exponential decay
[Eq. (5)]. (b) Same as (a) but for the oscillation mode of resonant
frequency 8.4 Hz, with yellow for the helium-gas environment
and red for a vacuum without helium gas. (c) The mechani-
cal dissipation γ /2π and the corresponding oscillator’s mass
for mechanical systems based on different principles. The blue
dashed line indicates that the mechanical dissipation is 1 μHz.
The red star corresponds to the 11.7-Hz mode in this experi-
ment, rhombuses correspond to a solid-state oscillator [20–24],
squares correspond to an optical levitated oscillator [26–28], the
pentagon corresponds to an electrical levitated oscillator [29],
triangles correspond to a Meissner levitated oscillator [30,31],
and circles correspond to a milligram-scale pendulum oscillator
[36,37].

with error less than a few percent [33,42]. In our experi-
ment, X (t)2 is obtained with the CMOS camera. The data
processing is described in Supplemental Material [43].
Then the dissipation rate γ is obtained by our fitting the
measured data with Eq. (5).

The diameter of the microsphere in the experiment is
7.8 ± 0.7 μm, which is obtained in advance from the ther-
mal motion of the microsphere measured by the CMOS
camera. The measurement is taken in a 2 × 10−4 mbar
high-purity-helium-gas environment at room temperature.
Then the system is cooled to 3 K and is ready for the
dissipation measurement. Figures 2(a) and 2(b)show the
free ring-down curve X (t)2/X (0)2 of oscillation modes
1 and 2 in helium gas of 2 × 10−6 mbar and a vacuum
without helium gas of 3.3 × 10−7 mbar. The results are
summarized in Table II. For the vibrational mode of the
resonant frequency of 11.7 Hz (mode 1) in a vacuum
without helium gas, we observe an ultralong damping
time τ = 1/γ of 2.7 × 105 s (about 70 h), corresponding
to mechanical dissipation γ /2π = 0.59 ± 0.11 μHz and
quality factor Q = (2.0 ± 0.4) × 107. The effective pres-
sure around the microsphere is estimated to be on the
order of 10−9 mbar with use of the dissipation of mode
1 [44] and the background gas is assumed to be resid-
ual helium gas at 3 K. Meanwhile, it has been observed
that gas is probably not the primary limitation to dissi-
pation at 10−10 mbar [32]. For the vibrational mode of
the resonant frequency of 8.4 Hz (mode 2) in a vacuum
without helium gas, the mechanical dissipation γ /2π =
2.6 ± 0.1 μHz, which is about 4 times larger than the
dissipation of mode 1. Further study is needed to reveal
the mechanism of the difference. A possible origin may
come from the boundary effect of residual helium gas
[44–46] in the experiment. Figure 2(c) displays a com-
parison of our results with those obtained with previously
reported microscale and nanoscale mechanical systems. It
shows that our system has significantly lower dissipation
over a wide range of mass, and is even comparable to
the milligram-scale mechanical systems, whose mass is 7
orders of magnitude larger [36,37].

TABLE II. Measured mechanical dissipation at low tempera-
ture. The pressures of 2 × 10−6 and 3.3 × 10−7 mbar are mea-
sured at a side of the sample chamber at room temperature,
corrsponding to the cases of helium gas being turned on and off,
respectively. The diameter of the microsphere is 7.8 ± 0.7 μm
and the corresponding mass is 270 ± 70 pg. The errors show the
statistic deviations at the 95% confidence level.

Helium gas Mode γ /2π (μHz) Q (×107)

On (2 × 10−6 mbar) 1 41 ± 1 0.029 ± 0.001
2 34 ± 1 0.025 ± 0.001

Off (3.3 × 10−7 mbar) 1 0.59 ± 0.11 2.0 ± 0.4
2 2.6 ± 0.1 0.34 ± 0.02
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IV. DISCUSSION AND SUMMARY

The potential performance of our diamagnetic levitated
oscillator used for force and acceleration sensing can be
evaluated from the dissipation rate achieved in our exper-
iment. The sensitivity of a force or acceleration sensor
is given by Eq. (1) or Eq. (2), respectively. In principle,
a magnetogravitational trap can levitate particles over a
very wide range of mass from 10−14 g [33] to 10−3 g
[35]. Figure 3 shows the estimated force and acceleration
sensitivity at 3 K corresponding to this experiment, and
10 mK which can be reached with a commercial dilution
refrigerator. If the magnetic field gradient G is taken as
104 T/m [32], the force sensitivity is enough to detect a
single electron spin by following the standard procedure
[2] when the oscillator’s mass is less than 1 × 10−7 g
at 3 K. A single proton spin is also detectable when
the oscillator’s mass is less than 10−11 g at 10 mK. In
addition, for a mass of 10−7 g the acceleration sensitiv-
ity is

√
Saa(ω0) < 10−10g0/

√
Hz (g0 = 9.8 m/s2) at 3 K,

reaching the sensitivity of the state-of-the-art method [47].
Now we estimate the performance for studying the

macroscopic quantum process with our system by assum-
ing an oscillator resonant frequency ω0/2π � 100 Hz [32]
and temperature T = 10 mK. We find that ω0Q/2π �
1010 Hz � kBT/2π� and Eq. (3) is well satisfied. There-
fore, the quantum coherence of the system could last
for multiple oscillation periods. Moreover, it is interest-
ing to realize quantum spin-mechanics dynamics [48,49]
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FIG. 3. Estimation for force and acceleration sensing. The
force sensitivity (left axis) as a function of mass at an envi-
ronmental temperature of 3 K (solid light-blue line) and 10 mK
(dashed light-blue line). The force from a single electron spin
(solid dark-blue line) and the force from a single proton spin
(dashed dark-blue line) are shown for comparison. The right
axis shows the acceleration sensitivity (red lines). Here we
assume that dissipation is still dominated by gas. The experi-
mentally measured dissipation γ /2π = 0.59 μHz , diameter of
the microsphere 7.8 μm, and magnetic gradient G = 104 T/m
are adopted.

with our system. Considering the interaction with an
electron spin, the spin-mechanical coupling strength λ =
GxZPLμe/�, where xZPL = √

�/mω0 is the zero-point
motion and μe is the electron spin magnetic moment. For
an oscillator with m = 10−13 g and G = 104 T/m, the cou-
pling strength is λ/2π � 10 kHz, which is 4 orders of
magnitude larger than the decoherence rate 1/T2 of the
electron spin at low temperature [50], and 4 orders of
magnitude larger than the thermal decoherence rate γth
of the oscillator. The cooperativity C here is λ2T2Q�/kB
T � 108, which marks the onset of highly coherent quan-
tum effects. There are potential technical challenges to
achieve these goals. For example, under the high-vacuum
and low-temperature conditions, the microsphere is likely
to be heated by the continuous-wave laser, especially at
10 mK, leading to a higher effective center-of-mass tem-
perature than in the sample chamber [51]. These detection
challenges were disscussed in Ref. [52].

In summary, we report a realization of a cryogenic
diamagnetic levitated micromechanical oscillator with a
low dissipation value, which provides a way to achieve
high-performance sensing and realize quantum control of
macroscopic mechanical dynamics.
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