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The nanomechanical resonator based on a levitated particle exhibits unique advantages in the development of
ultrasensitive electric field detectors. We demonstrate a three-dimensional, high-sensitivity electric field measure-
ment technology using the optically levitated nanoparticle with known net charge. By scanning the relative
position between nanoparticle and parallel electrodes, the three-dimensional electric field distribution with
microscale resolution is obtained. The measured noise equivalent electric intensity with charges of 100e reaches
the order of 1 μV⋅cm−1⋅Hz−1∕2 at 1.4 × 10−7 mbar. Linearity analysis near resonance frequency shows a measured
linear range over 91 dB limited only by the maximum output voltage of the driving equipment. This work
may provide an avenue for developing a high-sensitivity electric field sensor based on an optically levitated
nano-resonator. © 2023 Chinese Laser Press

https://doi.org/10.1364/PRJ.475793

1. INTRODUCTION

The ability to characterize static and time-dependent electric
fields in situ with high sensitivity and high spatial resolution
has profound applications for both fundamental science and
technology. Precision sensing of electric fields and forces that
couple to charge is the most direct way to search for deviations
from Coulomb’s law, which may be motivated by the presence
of new forces under which dark matter could be charged [1,2].
Recent theoretical models point out that such new forces can
weakly mix with electromagnetism, resulting in new Coulomb-
like interactions [3]. Traditional electric field sensors to date
mainly include dipole antenna-coupled electronics [4], electro-
optic crystals [5–7], and resonant MEMS structures [8–10].
In addition, recently emerging Rydberg atom-based sensors
have demonstrated the capabilities of electric field distribution
measurement with submillimeter spatial resolution [11,12] and
the highest sensitivity up to the order of 1 μV⋅m−1⋅Hz−1∕2 ever
reported from radio frequency to microwave electric fields
[13–15]. More recently, using quantum-entangled trapped
ions, measurement of electric fields has reached a sensitivity
of ∼240 nV⋅m−1⋅Hz−1∕2 at ∼1.6 MHz [16], which is several
orders of magnitude better than the classical counterpart
[17–19].

The levitated nanomechanical resonator exhibits unique
advantages in the development of precise force [20–22] and
acceleration sensors [23,24] at the micro- and nanoscale, attrib-
uted to its high-sensitivity and potential for miniaturization
[25]. The nanomechanical system optically levitates the
charged dielectric nanoparticle in high vacuum, thus making
it a harmonic oscillator sensitive to the surrounding electric
field. In case of a weak electric field, the harmonically driven
response of the oscillator’s displacement is directly proportional
to the electric intensity at its location and the net charge it car-
ries. Therefore, on the premise of knowing the net charge,
ultra-high force detection sensitivity means ultra-high electric
field detection sensitivity.

In the present study, we extend previous works on highly
sensitive force detection using an optically levitated nano-
resonator [26] to a novel, three-dimensional, high-sensitivity
electric field measurement technology. Using the parallel
plate electrodes as the source of the electric field with known
frequency, motion signals of the nanoparticle in the three
orthogonal directions are used to measure the electric field
vectors of the corresponding axis. By changing the relative
positions of the nanoparticle and the electrodes, the electric
field of the electrodes is scanned point-by-point, and the
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three-dimensional electric field mapping ability of the scheme
is demonstrated. By applying parametric feedback at
1.4 × 10−7 mbar (1mbar � 100 Pa), the force and electric in-
tensity detection sensitivity equivalent from the measured dis-
placement spectral density reach the orders of 10−20 N∕Hz1∕2

and 1 μV⋅cm−1⋅Hz−1∕2, respectively. In addition, we demon-
strate the measurement of a near-resonance frequency electric
signal with a linear range of more than 91 dB. This work may
provide an avenue for developing optically levitated nano-
resonators into high-precision, continuous broadband electric
field sensors.

2. EXPERIMENTAL SETUP

As shown in Fig. 1, the predetermined electric field is generated
by applying sinusoidal voltage onto the simplest parallel plate
electrodes, and the optically levitated nanoparticle placed
within the electric field produces a displacement response to
the field. Though this experimental apparatus of the present
study is similar to that in Refs. [26,27], it differs in that its
electrodes are composed of two horizontal steel (40CrMoV5)
needles that are 1 mm in diameter and placed 2.52 mm apart.
This allows for producing more distinguishing changes in elec-
tric field distribution around the light field. Similar to most
previously published studies, the electrodes in Refs. [28,29]
are used to calibrate the nanomechanical parameters such as
particle mass and the conversion factor from detection voltage
to displacement, where the FDTD numerically simulated value
of the electric intensity is employed as a known constant. In this
study, however, electric intensity generated by the electrodes is
no longer a presumed parameter, but a parameter to be de-
tected. To obtain triaxial electric intensity components at each
point, an independent triaxial position detection scheme is
built to obtain the motion signal along each axis. The electric
driving signal is then loaded onto the electrodes, while being
synchronously input into the phase locked loops (PLLs) as a
reference signal. The PLL extracts the signal components with
the same frequency from the input motion signals of three axes.
For stable levitation and suppression of frequency fluctuation
in high vacuum, a triaxial parametric feedback scheme sums

up all the feedback signals and drives a single acousto-optic
modulator to cool the center of mass motion of nanoparticles.

3. RESULT

A. Three-Dimensional Electric Field Vector Detection
The electric intensity can be deduced from the driven displace-
ment response and the parameter of the nano-resonator. The
relationship between electric field component and displace-
ment response of the corresponding axis (taking the x axis
for example) is as follows:

SE �
2m

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Selx �ωdr���ω2

dr − ω
2
x�2 � Γ2

xω
2
dr�

q
Nqe

�in V⋅m−1⋅Hz−1∕2�:

(1)

Here m is the mass of the nanoparticle, ωdr is the driving
frequency of the electric field to be detected, and ωx and Γx
are the resonant frequency and damping rate of the nano-
resonator, respectively.N is the net charge number of the nano-
particle, and qe is the elementary charge. The power spectral
density value Selx �ωdr� at the driving frequency can be extracted
as the displacement response of the nano-resonator. See
Appendix A for the derivation of the above formula.

We first moved the electrodes with a nano-positioning stage
to place the particle at the symmetrical midpoint of the elec-
trodes and measured the electric intensity at that point. As
shown in Fig. 2, the normalized measured value of three
orthogonal components are Ẽ x � 227.7�73� V∕m, Ẽ y �
15.8�14� V∕m, and Ẽ z � 9.8�7� V∕m, respectively, corre-
sponding to the case where the voltage amplitude applied at

Fig. 1. Schematic of the experimental setup. The setup consisted of
a single-beam optical trap, triaxial position detection and parametric
feedback scheme, electric driving, and field measurement circuit. OBJ,
NA microscope objective; SNE, horizontally placed steel needles;
AOM, acousto-optic modulator; AL, aspheric lens; QPD, self-devel-
oped quadrant photodetector. Here shows the top view of the setup,
and the x, y, z axes represent the horizontal direction, the vertical di-
rection, and the beam propagation direction, respectively.

Fig. 2. Measured electric intensity at the symmetrical midpoint of
the electrodes. A nanoparticle with a diameter of 142.8(33) nm and
charge of N � 4 was captured by the optical trap, and the measure-
ment was carried out at pressure of 10 mbar. Colors blue, red, and
yellow represent the electric field components Ẽ x , Ẽ y, and Ẽ z in three
axes, respectively, for driving voltage of 1 V. For each component, 21
driving frequencies with intervals of 1 kHz were applied, while each
driving frequency was measured 100 times. The final measurement
result is shown as an average of the 21 frequency points. The illustra-
tion shows the power spectral density of displacement signals in three
axes, with the resonant frequencies of 150.2 kHz, 172.5 kHz, and
46.1 kHz, respectively.
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the electrodes is 1 V. The electrodes are basically capacitive,
and the measured equivalent impedance is about 3 pF, which
means that the response electric field within 1 MHz is almost
frequency independent. According to the simulation result of
COMSOL, three electric intensity components at this point are
Ẽ xth � 246 V∕m, Ẽ yth � 14.8 V∕m, and Ẽ z th � 11.6 V∕m,
respectively, which deviate slightly from the measured values.
The discrepancy between the measured and theoretical values
may be a result of manufacturing error and alignment error of
two steel needles, as well as the relative position error between
the symmetrical midpoint and the nanoparticle.

B. Three-Dimensional Electric Field Mapping
Taking the above position as the center point, we moved the
relative positions of the nanoparticle and the electrodes along
three orthogonal axes and obtained the x component Ex of elec-
tric intensity at each point, as shown in Fig. 3(a). The variation
trend of Ex along each axis is consistent with the theoretical
simulation results. In addition, the other two components
can also be measured by using the motion signals of the other
two axes in the same way and comparing them with the sim-
ulation results.

There may be two causes for the deviations of the theory to
the measurements near the edges of the vertical and horizonal
positions. First, there is a deviation between the simulation and
the actual situation. The simple simulation is based on the case
that the relative position of the electric field and the center of
the optical trap is fixed. However, the relative position of
the moving electrodes with the objective and lens changes in
experiment, and the measured electric field may be affected
slightly by the zero potential of these metal devices.

Second, the initial position error of the nanoparticle in the
electric field may be another cause. The nanoparticle should be
placed initially in the symmetric center of the electrodes. In the
x–z plane, we adjusted the position of the particle as close to
the symmetric center of the electrodes as possible by the CCD
imaging above the chamber. However, in the y–z plane, the
imaging method could not work for alignment, so we measured
Ex at different y positions by changing the electrode position

along the y axis. Based on the trend of simulated Ex in the y axis
as shown in Fig. 3(a), the position with the largest measured Ex
was regarded as the middle position in the y axis. However,
when there was alignment error (either translation error or ro-
tation error) between electrodes, the method would cause cer-
tain error to the initial position.

Three-dimensional electric field mapping was realized by
obtaining the resultant vectors of each component at different
array points. Taking the case of the x–z plane (section y � 0),
the resultant vectors of Ex and Ez components in this plane
were measured, as shown in Fig. 3(b), together with the results
of COMSOL simulation. The parameters of the simulation
model and the simulation process are detailed in Appendix B.

C. Noise Equivalent Electric Intensity
The electric intensity detection sensitivity of the nano-resona-
tor depends on its force detection sensitivity, which can be im-
proved by restraining thermal noise in high vacuum. But the
accompanying frequency fluctuation in high vacuum would in-
crease the complexity of model fits from the thermal noise re-
sponse and the electric driven response near the resonance
frequency [30]. Both issues can result in significant inaccuracies
in the conversion from displacement to electric intensity with a
calibrated transfer function. By applying feedback cooling, the
nano-resonator can be levitated stably in high vacuum, and the
frequency drift effect caused by the non-linearity of the optical
trap can be suppressed, which makes the nano-resonator more
stable in response to near-resonance driving forces. Therefore,
feedback cooling is indispensable for realizing ultrasensitive
electric field detection, although theoretically it does not im-
prove the detection sensitivity at certain pressure conditions
(see Appendix C). The displacement noise floors of nano-res-
onators were measured at different pressures, where the elec-
trodes and other metal structures in the chamber were
grounded to isolate the residual electric field. The resulting dis-
placement spectral densities in high vacuum for two nano-
resonators with parametric feedback cooling are shown in
Fig. 4(a). The fits of the displacement spectral density to
the expected thermomechanical noise response superimposed

Fig. 3. (a) x component of electric intensity along the x, y, z coordinate axes. To intuitively show the variation trend, the normalized value of Ex at
each point is normalized by setting the x component E0 at the center point to 1. (b) Vector field plot of �Ex ,Ez� in the x–z plane. The grid spacings
in the x-axis and z-axis directions are 60 μm and 100 μm, respectively. The notation above indicates the scale of the arrow.
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on the detection noise for the nano-resonator with different
feedback damping show close agreement. Beside the x axis res-
onant frequency, the additional modes originating from cross
talk of other axes are generally visible in the thermomechanical
noise response.

The thermal noise dominates over frequency range near res-
onance while the noise floor closely approaches the optical shot
noise limit over that far from resonance. Comparing the dis-
placement spectral density at 10−4 mbar and 1.4 × 10−7 mbar,
a reduction in gas damping, due to the balance between the
thermomechanical noise and shot noise, the frequency range
over which the spectral density is thermal noise limited, is
clearly narrowed. The theoretical force transfer function of
the nano-resonator can be calculated based on the resonant fre-
quency ωx and damping Γx as follows:

χ̃coolF �ω� � 1

m�ω2
x − ω

2 � jΓxω�
: (2)

The displacement spectral densities in Fig. 4(a) are con-
verted to a noise equivalent force (NEF) by dividing the dis-
placement spectral densities by the amplitude of theoretical
transfer function above, as shown in the right side of Fig. 4(b).
Further, the noise equivalent electric intensity (NEEF) can be

obtained by dividing the NEF by the charges as shown in the
left side.

As expected, the NEF and NEEF both reach the thermal
noise limit near resonance frequency. When the damping is
lower in higher vacuum, a lower thermodynamic limit could
be provided, meanwhile, which is more difficult to reach since
the thermomechanical noise must be above the shot noise. The
minimum NEEF reaches the order of 1 μV⋅cm−1⋅Hz−1∕2 at
1.4 × 10−7 mbar, corresponding to the case of 100e, which
is lower than that at 10−4 mbar by more than 1 order of mag-
nitude, and can be further reduced by increasing the net charge
or the vacuum level. The bandwidth over which the NEEF is
within 3 dB above the thermodynamic limit is 48.6 kHz and
1.1 kHz for two pressures, respectively. This could be further
broadened by 1 order of magnitude by adopting a heterodyne
detection scheme and optimizing the detection noise to ap-
proach the standard quantum limit [31].

As a comparison, the achieved minimum detectable field is
superior to the reported performance using 104 Rb Rydberg
atoms by 1 order of magnitude [13], approaching the equiva-
lent performance for an antenna dipole electronic sensor with
length of 1 cm [14]. One benefit of optically levitated nano-
resonators is that the bandwidth of interest within which the

Fig. 4. (a) Displacement spectral densities for nano-resonators in high vacuum. Gray dashed line, detection noise; light dashed line, fit to the
thermomechanical noise model; dark solid line, superposition of thermomechanical noise and detection noise, that is, theoretical transfer function of
nano-resonator. At 10−4 mbar, the cooling temperature and damping of the x axis resonant frequency were 500(6) mK and 190.4(54) Hz, re-
spectively. The cross talk from the other two axes brought four additional modes, as annotated in the figure. At higher vacuum, the nano-resonator
was cooled to 5.1(4) mKwith damping of 55.1(78) Hz. The eigenmode was increased by about 22 kHz due to the larger trapping power, making the
cross talk modes further away and not visible in the original frequency band; meanwhile, the parameter feedback signal of the z axis appeared instead.
(b) Noise equivalent force (NEF) and equivalent electric intensity (NEEF). The charges of the nano-resonator are set to 100e. Indicated frequency
bands represent the range over which the NEF is within 3 dB above the thermodynamic limit (dashed lines).
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thermal noise is above or equal to the shot noise is tunable, and
the tunable bandwidth can reach the order of tens of kHz or
even hundreds of kHz by tuning the power of trapping beam.
For example, realistically one could trap with as little as 50 mW
and up to 1 W of laser power, and the corresponding resonant
frequency could change from about 100 kHz to about
400 kHz. In contrast, traditional passive dipole electronics usu-
ally need to change the structure size to achieve similar effects.

D. Linearity and Linear Range Analysis
As a test of sensing performance for linearity and linear range of
electric field sensing in x axis, the nano-resonator was moved
back to the center point and charged with a high value of
99.0�12�e (see Appendix D). The measurement was performed
at 3.7 × 10−2 and 5 × 10−5 mbar by applying a sinusoidal elec-
tric field with frequency of 140 kHz, which is 10 kHz offset
from the resonance to reduce the effect of frequency instability
on the measurement. We set a specific driving voltage as a refer-
ence first (e.g., 5 V) and recorded the corresponding response of
the nanoparticle, as a fiducial value for judging whether the
charges would change during the experiment. After applying
different driving voltages each time, we changed the driving
voltage back to the reference voltage and observed whether
the response is different from the fiducial value. When chang-
ing the pressure, we also applied a similar method that used a
monitoring response value to make sure the charges remained
constant. At 3.7 × 10−2 mbar, we applied driving voltages U dr

ranging from 1 V to 160 V and for higher electric field sensi-
tivity at 5 × 10−5 mbar, the same operation was conducted ex-
cept that the range of driving voltages ranged from 5 mV to
500 mV. Finally, the measurement results at different driving
voltages were converted to the measured electric intensities by
using Eq. (1) and measurement time of 1 s, as shown in
Fig. 5(a).

Within the corresponding measured electric intensities
ranging from 1.03 V/m to 36.2 kV/m, which span over 4 or-
ders of magnitude (91 dB), the linearity of electric field sensing
was within 10%. The minimum detectable electric field is
mainly limited by the detection sensitivity of the nano-resona-
tor at 5 × 10−5 mbar. While further reduction in pressure can
lead to higher detection sensitivity, the accompanying instabil-
ity and drift of resonance frequency become more pronounced,
resulting in increased uncertainty and deviation of the mea-
sured value. The maximum detectable electric field in this mea-
surement was merely limited by the maximum output of the
high-voltage amplifier (Aigtek ATA-2031), and its theoretical
limit is related to the linear range of optical force and the cap-
ture region of trap [32] and is ultimately limited by the re-
sponse range of the detection scheme to nanoparticle
displacement. Figure 5(b) shows the simulated detector signal
in terms of balanced power with particle displacement. For the
maximum electric intensity measured in experiment, the am-
plitude of the electric field force acting on the nanoparticle is
about 0.57 pN. Combined with the stiffness of the trap, the
corresponding maximum amplitude of particle displacement
reached about 0.21 μm, which is still within the linear region
of the detector with nonlinearity of <2%. The linear range of
the detector with 10% nonlinearity would be about 0.38 μm,
corresponding to a larger detectable electric field of value

65.5 kV/m. Theoretically, we can further improve the upper
range of the detectable electric field by reducing the charges
of the particle. For example, if the charge is reduced to 1e,
the corresponding maximum electric field may reach
6.5 MV/m. This is an extreme situation where the escape of
nanoparticle, air breakdown, and other issues need to be con-
sidered.

4. CONCLUSION

We have demonstrated a high-sensitivity electric field measure-
ment technology using optically levitated nano-resonators.

Fig. 5. (a) Linearity and linear range measurement of the nano-res-
onator. The x axis component of the electric field generated by the AC
driving voltage was used for testing. The measurement duration of
each data point is 1 s. A goodness of 0.9999 was obtained by fitting
the measured results with E fit � αU dr and α � 227.1 m−1. Linearity
was characterized by the deviation between the measured results and
the fitting values, which was calculated by �Ex − E fit�∕E fit × 100%.
The measurements for U dr > 0.5V and U dr ≤ 0.5V were carried
out at 3.7 × 10−2 mbar and 5 × 10−5 mbar, respectively. Here δE is
the standard deviation of Ex . (b) Detector signal versus particle dis-
placement. Simulation is based on the model in Ref. [39] with a laser
power of 100 mW, beam waist of 662 nm for NA � 0.8 objective,
particle diameter of 145 nm, collection lens withNA � 0.55 and f �
1.2 cm, and power received by each photodiode of 5 mW. The blue
dashed line represents the linear fitting around the center region of the
curve, which is attained by the least squares method, and the R-square
is 0.9999. The red line represents the nonlinearity (relative error)
between the curve and its linear fitting.
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By scanning the electric field distribution between parallel elec-
trodes, the three-dimensional electric field mapping capability
of the system was demonstrated. Its measuring spatial resolu-
tion depends on the motion amplitude of the nanoparticle
in the equilibrium position and the manipulation accuracy
of the equilibrium position, which can reach the order of nano-
meters. Broadband measurement at the thermodynamic limit
yields a noise equivalent detection resolution of the order of
1 μV⋅cm−1⋅Hz−1∕2 in high vacuum, which is competitive to
that of previously reported electric field detection schemes.
Linearity analysis near resonance shows a linear range of more
than 4 orders of magnitude.

Having higher net charges is the key to further improve the
detection resolution of nano-resonators. Although this can be
achieved simply by using larger particles, for example, the net
charge of the micron-sized particle can reach the order of 104

[24], and the resulting force detection sensitivity is worse due to
larger mass. Therefore, the size of the particle needs to be opti-
mized according to these two factors to obtain the optimal elec-
tric field detection sensitivity. Although this work is based on
optical levitation systems, charged particles in other levitation
systems are eligible to be developed into highly sensitive electric
field sensors. The advantage of the levitated resonator is that its
resonant frequency can be adjusted from Hz to MHz according
to size of particle and stiffness of the potential well to meet the
application requirements of different frequency bands, espe-
cially low-frequency submarine communication.

Our method is most similar to electric field sensing with
trapped ions that use mechanical oscillators as exquisite quan-
tum tools to measure small displacements due to weak forces
and electric fields, albeit with a very different charge to mass
ratio. As schemes with optically levitated nanoparticles do
not need an additional DC or AC electric field for a stable trap
that is generally utilized in ions schemes, it can eliminate the
influence of the existing electric field in the device on the elec-
tric field measurement as much as possible. Furthermore, the
ion trap scheme is generally sensitive to the electric field in a
certain direction, such as the direction of the magnetic field
used to generate the cyclotron motion, while a single nanopar-
ticle can be used to measure the three-dimensional vector elec-
tric field at the same time, which would be an obvious
advantage of this method.

APPENDIX A: ELECTRIC FIELD SENSING WITH
A HARMONIC OSCILLATOR

A major benefit of the electric field sensor described in this
work is that its dynamic response closely follows that of a one-
dimensional viscously damped harmonic oscillator, making it
possible to convert from measured nano-resonator displace-
ment to an equivalent electric intensity using a low-order
model. In this section, we describe the harmonic oscillator
model and the conversion between displacement and electric
intensity. Much of the analysis in this section follows directly
from the work of Ricci et al. [28] but is specifically focused
toward optomechanical electric field sensing.

The simplified diagram of electric field sensing with a
optically levitated nano-resonator is described in Fig. 6, where
the electric field is generated by a pair of electrodes placed in

horizontal direction (x axis direction) perpendicular to the op-
tical axis (z axis direction). A driving signal with amplitude of
U dr and frequency of ωdr is loaded to the electrodes, which
generated a sinusoidal electric field E�t� � Edr cos�ωdrt� near
the nanoparticle. The electric field vector contained three com-
ponents along orthogonal axes, written as Edr � Ex x̂ � Ey ŷ�
Ez ẑ. The motion signal along each axis is the driving response
to the corresponding electric field component.

Taking the x axis as an example, driven by the component
Ex cos�ωdrt�x̂, the equation of motion of the particle can be
described by a thermally and harmonically driven damped
resonator,

mẍ � mΓx _x � kx � F th�t� � F el�t�: (A1)

Here, m is the mass of the particle, Γx is the damping rate,
and k � mω2

x is the stiffness of the optical trap, with ωx being
the mechanical eigenfrequency of the oscillator. The first forc-
ing term F th�t� models the random collisions with residual gas
molecules in the chamber. It can be expressed as F th�t� �
ση�t�, where η�t� has a Gaussian probability distribution that
satisfies hη�t�η�t � t 0�i � δ�t 0�, and σ relates to the damping
via the fluctuation−dissipation theorem: σ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2kBT 0mΓx

p
,

with kB being the Boltzmann constant and T 0 the bath temper-
ature. The second forcing term F el�t� arises from the Coulomb
interaction of the charged particle with the external electric
field component Ex cos�ωdrt�x̂, and can be expressed as
F el�t� � F el−x cos�ωdrt�, where F el−x is proportional to the net
charge number N on nanoparticle and electric intensity Ex,

F el−x � NqeEx: (A2)

The power spectral density (PSD) of the harmonically
driven displacement can be described as follows:

Selx �ω� � Selvx�ω�∕c2x∕V � 2F 2
el−xτsinc

2�2�ω − ωdr�τ�
m2��ω2 − ω2

x�2 � Γ2
xω

2� , (A3)

where cx∕V is the calibration factor between voltage and dis-
placement, which can be obtained at a pressure of 10 mbar
where the nanoparticle and environment are in thermal equi-
librium. The mass of nanoparticle m can be calculated from its
radius and density, and τ is the sampling time of the motion
signal. Therefore, the electric intensity can be obtained from
the PSD at driving frequency as follows:

Fig. 6. Using optically levitated nanoparticle as nano-resonator to
measure the electric field intensity near beam focus.
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Ex �
m

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Selvx�ωdr���ω2

dr − ω
2
x�2 � Γ2

xω
2
dr�∕�2τ�

q
cx∕V Nqe

: (A4)

The electric intensity generated by unit driving voltage is
Ẽ x � Ex∕U dr. As shown in Fig. 7, the driving frequency is
selected near the resonance, and the electric intensity can be
calculated with the measured amplitude Selvx�ωdr� at driving fre-
quency by using the above formula. In a previous study, Ricci
et al. proposed a simplified method to reduce measurement un-
certainty, in which the electric intensity and nanoparticle mass
can be converted to each other by the ratio of the electrically
driven component to the thermally driven component. The
premise of this method is that the thermal driven component
is dominant in the PSD without driving signal, which is com-
pletely applicable in the case of high pressure and high driving
frequency. However, in the case of low pressure, the noise from
the light source gradually dominates the PSD. In addition, for
low frequency band far from the resonant frequency, environ-
mental vibration will also introduce obvious noise component
in PSD. Therefore, it is still necessary to use the measured
superimposed noise rather than the ratio to obtain the electric
intensity sensitivity spectrum.

APPENDIX B: ERROR ESTIMATION AND
COMSOL SIMULATION OF ELECTRIC
INTENSITY

Obviously, reducing the uncertainty of the nanoparticle mass
can improve the accuracy of the electric field measurement. It
was observed that both the density and radius of nanoparticles
may vary when pressure changing (especially near 1 mbar),
which was mainly caused by the separation of surface functional
groups [33], and this would bring some systematic errors.
However, in the electric sensing experiment, we first reduced
the pressure to 1 × 10−3 mbar or even lower and then returned
to 10 mbar for calibration and measurement. The density and
radius of the nanoparticle no longer changed with the pressure
after we conducted this operation. Therefore, we believe that

the radius results measured by transmission electron micros-
copy (TEM, also measured in high vacuum environment
and with surface functional group desorption) can be used
as reliable prior data. By comparing TEM results of nanopar-
ticle samples from different brands, a nanoparticle with a nomi-
nal diameter of 150 nm from Nanocym was selected in
experiment, which has a relatively high particle size uniformity.
As shown in Fig. 8, the mean value and deviation of particles
can be obtained by averaging the size of multiple particles mea-
sured by the TEM image.

To estimate the systematic error in the calculated electric
intensity, a study of all the sources of error for calculating
the electric intensity component Ẽ x0 at the symmetrical mid-
point must be carried out. Table 1 summarizes the absolute

Fig. 7. PSD of motion signal along the x axis at 10 mbar. The
charges on nanoparticle were 4e, and a driving signal with voltage am-
plitude of U dr � 5 V and frequency of ωdr � 140 kHz was applied
on the electrodes. The motion signal with a duration of τ � 2.72 s
was obtained at a sampling rate of 1.88 MHz. The resonance fre-
quency ωx � 150.2 kHz and damping rate Γx � 8544�302� Hz
were obtained by Lorentz fitting.

Fig. 8. Partial display of TEM result of particles from Nanocym.
The measured diameter of each particle is indicated in the figure,
and the mean value and deviation is 142.8(33) nm.

Table 1. Uncertainties Table for Measurement with
Single Driving Frequency

Quantity Value Error

ma 3.06 × 10−18 kg 0.0852
Selvx�ωdr� 1.298 × 10−5 V2∕Hz 0.329
ωdr 140 kHz × 2π 1 ppmb

ωx 150.2 kHz × 2π <0.001c

Γx 8544 Hz × 2π 0.0355
τ 2.72s 1 ppmb

cx∕V 9.25 × 104 V∕m 0.0561
N 4 0
qe 1.602 × 10−19 6.1 × 10−9
U dr 25 V 1 ppmb

Ẽ x 231.8 V/m 0.2012
aThe particle mass was calculated from the density of 2.02�10� g=cm3 and

measured diameter of d � 142.8�33� nm. We used the same method in
Ref. [34] to measure the density of our samples.

bNominal value from the datasheet of lock-in amplifier (Zurich Instruments
MFLI).

cThe fluctuation of resonant frequency during measurement.
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values and the relative uncertainties of the quantities Ẽ x �
231.8�466� V∕m in Eq. (A4) for a single driving frequency.
The magnitude Selvx�ωdr� at driving frequency is the main
source of error for 100 repeated measurements. The duration
of each measurement is 76.5 ms. To further improve the mea-
surement accuracy, 21 driving frequencies were selected, and
the corresponding Ẽ x values were averaged to obtain the final
electric intensity value Ẽ x0 � 227.7�73� V∕m.

We used the electrostatic module in COMSOL to simulate
the electric field of the electrodes used in the experiment.
Because the electric field generated by the capacitive electrodes
is almost independent of frequencies below 1 MHz, the
simulation results of the electrostatic module can reflect the
amplitude of the electric field driven by AC voltage in the ex-
periment, which can be used to compare with the measurement
results of the nano-resonator.

As shown in Fig. 9, the potential on one electrode was set to
U � 1 V, while the other side was set to U � 0 V in the sim-
ulation model. In addition, the potential of the objective hous-
ing and lens holder was also set to U � 0 V as we grounded
them in experiment. The simulated x axis component at the
center point is Ẽ xth � 246 V∕m. The electric field components
at other positions were normalized to the value of the center
point, and the simulation results were compared with the ex-
perimental results, as shown in Fig. 3(a). For the vector field
plot in the x–z plane, we obtained the Ex and Ez components
at each position from simulation and experiment, respectively,

and then obtained the magnitude and direction of the
composite vector by vector addition and marked them in
the same figure.

In experiment, we used an open-loop electromotive posi-
tioning stage (Newport AG-LS25), whose travel range is
12 mm with an absolute positioning accuracy of 100 μm.
The step displacement is 50 nm, and we moved 1200 steps
and 2000 steps, respectively, to obtain 60 μm and 100 μm sam-
pling interval in two directions. Therefore, the cumulative er-
rors for the actual position of nanoparticles were 0.5 μm and
0.83 μm, respectively.

APPENDIX C: NOISE EQUIVALENT
DISPLACEMENT AND ELECTRIC INTENSITY

By extending the drive frequency to the broadband, the rela-
tionship between the harmonically driven displacement,
xel�ω�, and driving electric intensity, Ex�ω�, as a function of
frequency, ω, can be determined from Eq. (A1) by subtracting
the Langevin force term,

xel�ω� �
Nqe

m��ω2
x − ω

2� � jΓxω�
Ex�ω� � χ̃el�ω�Ex�ω�:

(C1)
Here, χ̃el�ω� represents the transfer function between the

displacement of the nano-resonator and the driving electric
field, which is related to the general force transfer function
of the nano-resonator χ̃F �ω� via its net charge:

Fig. 9. Pseudo-color maps of the potential applied to the electrodes and the intensity of the generated electric field. (a), (b) and (c), (d) correspond
to the simulation results in the horizontal section (x–z plane) and vertical section (y–z plane), respectively. (a) and (c) show the potential distribution,
while (b) and (d) show the distribution of generated electric field. The results in (b) correspond to the area of red solid border that centers around the
electrodes in (a). The results in black dashed border in (b) indicate the field range detected by the nano-resonator in experiment. (c) corresponds to
the section of the red dashed line in (a).
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χ̃el�ω� � Nqe χ̃F �ω�: (C2)

Further, similar to the force detection sensitivity of the
nano-resonator, the equivalent electric intensity due to thermal
noise is then

E th �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2kBT 0mΓx

p
Nqe

: (C3)

Obviously, E th is only a function of the resonator parameters
(m, Γx , T 0, and N ) and not a function of frequency, meaning
that the thermomechanical noise floor in terms of electric in-
tensity is flat.

When parametric feedback cooling is applied to the nano-
resonator, the feedback cooling term is added to Eq. (A1), lead-
ing to an increase in the resonant frequency and damping rate
[35,36], ultimately changing the transfer function of the har-
monic oscillator to

χ̃coolel �ω� � Nqe
m��ωx � δω�2 − ω2 � j�Γx � δΓ�ω� : (C4)

The equivalent electric intensity due to thermal noise with
feedback cooling is rewritten as

E cool
th �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2kBT coolm�Γx � δΓ�

p
Nqe

: (C5)

Here, T cool represents a lower equivalent temperature noted
as

T cool � T 0

Γx

Γx � δΓ
: (C6)

Interestingly, E th � E cool
th can be deduced from Eqs. (C5)

and (C6), meaning that feedback cooling does not theoretically
affect the equivalent electric intensity of the nano-resonator due
to thermal noise. However, in addition to thermomechanical
noise, optical shot noise is the other fundamental limiting noise
source. The power spectral density of the optical shot noise is
SPP � 2hνPa∕η, where h is Planck’s constant, ν is the optical
frequency of the laser, Pa is the average power reaching the
photodetector, and η is the quantum efficiency of the photo-
detector. This can be converted to shot noise in terms of dis-
placement using [37]

xsn �
TV ∕iRi∕P

cx∕V
S1∕2PP � TV ∕iRi∕P

cx∕V

ffiffiffiffiffiffiffiffiffiffiffiffi
2hvPa

η

s
: (C7)

Here, TV ∕i and Ri∕P are the transimpedance gain and re-
sponsivity of the photodetector, while cx∕V is the calibration
factor. The shot noise in terms of electric intensity is

E sn�ω� �
TV ∕iRi∕P

cx∕V

ffiffiffiffiffiffiffiffiffiffiffiffi
2hvPa

η

s
jχ̃coolel �ω�j−1: (C8)

Unlike the equivalent electric intensity in terms of thermal
noise, E sn�ω� is a function of frequency and gets the minimum
value at the eigenfrequency of the resonator. Since the thermo-
mechanical noise and shot noise are uncorrelated, they can be
summed to get the total noise equivalent displacement xNE�ω�
or electric intensity ENE�ω�. Although the optical shot noise
does not represent real motion of the nano-resonator, it is de-
tection noise that analytically refers to either displacement or
electric force. The best-case scenario for a nano-resonator with
fixed parameters is for the thermomechanical noise to be higher
than the optical shot noise, which can be done by tuning the
power of trapping beam. Within the bandwidth of interest, the
optical readout will measure the motion of the resonator with
minimal contribution from shot noise. This is shown in
Fig. 10, where the calculated noise floor is presented for a res-
onator with parameters similar to those described in the experi-
ments. Three different levels of shot noise are shown.When the
shot noise is reduced by 1 order of magnitude, the bandwidth
over which the noise equivalent electric intensity is within 3 dB
above the thermodynamic limit increases from 370 Hz to
3.6 kHz by nearly 1 order of magnitude.

APPENDIX D: CONTROLLING THE NET CHARGE
ON THE NANOPARTICLE

The net charge on the nanoparticle was controlled by corona
discharge generated by high-voltage (∼3 kV) electrodes placed
about 5 cm away from the nanoparticle in the chamber. A
plasma of both positive and negative ions was created and ad-
sorbed on the nanoparticle to change the charge [26,29,38].
Although the charges on the nanoparticle vary randomly, the
number of charges varies by an integer multiple. Under a

Fig. 10. Noise equivalent displacement and electric intensity for varying optical shot noise level. (a) Noise equivalent displacement combining
thermomechanical noise and optical shot noise at three different shot noise levels. ωx � 2π × 150 kHz, Γcool � 16 Hz, m � 3 × 10−18 kg,
T cool � 2 mK. (b) Noise equivalent electric intensity based on the displacement noise in (a). N � 100.
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certain frequency driving electric field, by observing the re-
sponse of the nanoparticle and the minimum step of response
change, which corresponds to a single charge, we can determine
the charges by dividing the driving response with the minimum
step. Figure 11 shows the amplitude and phase that LIA
demodulated from the motion signal in x axis. The motion sig-
nal was a response to the drive signal with frequency of
ωdr � 140 kHz. At 1 mbar, the minimum voltage step was
first obtained through multiple short discharge processes,
and it can be considered as the voltage change corresponding
to a single charge. At this pressure, the net charge of the nano-
particle after multiple discharges was usually less than 10. It is
observed that the net charge on nanoparticle could be raised
drastically to a higher value by a long discharge process when
the pressure was reduced to a range of 0.1–0.5 mbar. In addi-
tion, the driving voltage applied during the discharge process
also affected the net charge on the nanoparticles. It seems that a
higher driving voltage led to a larger net charge as more plasma
produced by ambient gas can pass through the nanoparticle.
However, nanoparticle tended to enter the nonlinear region

of the trap after acquiring high net charge. Therefore, when
a large response signal was observed in experiment, the driving
voltage should be turned off immediately to prevent the nano-
particle escaping from the trap. At a pressure lower than
0.1 mbar with lower gas molecular density in the chamber,
the free path of electrons or ions is longer, and the breakdown
voltage required for discharge process is much higher. In this
case, ultraviolet lamp irradiation is recommended to control the
charges of the nanoparticle.
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