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We report on the discovery of a unidirectional continuous orbital motion of nanoparticles which occurs spon-

taneously in room-temperature air and can be manipulated by light. Trapped nanoparticles exhibit a transition

between Brownian particles in two separate lattice sites and orbiting particles in a single lattice site. The or-

bital motion is sensitive to air pressure and is vanishing at low pressure, suggesting that the orbital motion is

supported by air. Our results pave the way for manipulating nanoscale objects on the basis of their cooperative

dynamics.

I. INTRODUCTION

Nanoscale mechanical devices play crucial roles in the op-

eration of biological systems [1, 2]. Recent years have wit-

nessed substantial progresses in designing and manufacturing

artificial versions of such devices, resulting in a plethora of

molecular motors and rotors [2, 3]. These devices comprise

functional molecular parts, with each part subject to random

Brownian motion imposed by surrounding environment. Ex-

tensive efforts in biophysics and nonequilibrium physics have

elucidated that the Brownian motion triggers unidirectional

transport of nanoscale objects [4–7].

A distinct approach for manipulating nanoscale objects has

been established in the field of optomechanics, where the

motion of objects is precisely controlled via light-matter in-

teractions [8, 9]. With the aim of engineering mesoscopic

and macroscopic quantum states, a number of studies have

realized the coherent control of the motion of nano- and

micro-mechanical oscillators, such as cooling to their quan-

tum ground state [10–12]. In these studies, in stark contrast to

biological and artificial nanomachines, dissipations to the sur-

rounding environment are major obstacles in controlling the

objects and thus are carefully removed, e.g. by evacuating the

chamber and/or by pre-cooling the entire system.

Here, we report on the discovery and the control of spon-

taneous continuous optomechanical oscillations of nanoparti-

cles laser-trapped in room-temperature air. By measuring the

spatiotemporal evolution of the light scattered by nanoparti-

cles, we clarify that the oscillation originates from a contin-

uous orbital motion of nanoparticles. Furthermore, we re-

veal that the orbital motion occurs only when more than one

nanoparticles are trapped in a single optical potential and stops

when they are spatially separated. A remarkable aspect of the

orbital motion is that it is relevant to both of the aforemen-

tioned two approaches in controlling nanoscale objects: the

orbital motion occurs only in a strongly dissipative environ-

ment, while the orbiting frequency is proportional to the laser

power and can be precisely controlled by it. The observed pro-

cess is qualitatively different from known light-induced oscil-

lations such as phonon lasing [13, 14] and the parametric in-

stability [15–17], which exhibit a threshold and a saturation

behavior with respect to the power of the applied light and

does not require any dissipative mechanism.
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FIG. 1. (color online). Observation of spontaneous continuous os-

cillations with nanoparticles trapped in air. (a) Schematic illustration

of our experimental setup. (b) Oscillation signals from the QPD.

The signals from the channel 1, 2, 3, and 4 are vertically shifted

and aligned from top to bottom. (c) Projection of the trajectory of

nanoparticles on the xy plane recovered from (b). (d) PSD calculated

from the time trace of PD1 acquired simultaneously with (b).

II. EXPERIMENTAL SETUP

Our experimental setup is based on experiments with lev-

itated nanoparticles [18–21] and is schematically shown in

Fig. 1(a). We trap nanoparticles in a standing-wave optical

trap, an optical lattice, formed by retro-reflecting a single-

frequency infrared laser at a wavelength of 1550nm with a

power of about 200mW and a beam waist of about 1.5 µm.

Because of the deep optical potential of the order of kB × 1×
104 K, where kB is the Boltzmann constant, trapped nanopar-

ticles stay in a single site of the optical lattice for hours. A

piezo module attached to the retro-reflecting mirror allows us

to precisely control the position of the trapped nanoparticles

in the z direction. In the present study, we measure the orbit-

ing frequency at the focus of the trapping beam by adjusting

the position of nanoparticles with the piezo module.

The light is linearly polarized along the x direction. The in-

tensity of the trapping beam is controlled by an acousto-optic

modulator (AOM). A part of the trapping beam is extracted

at a polarization beam splitter and is used for detecting the
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FIG. 2. (color online). PSD of the orbital motion at 6×104 Pa and a

fit on it. The Lorentzian function, shown in a solid line, fits well to

the observed spectral profile. We extract both orbiting frequency and

spectral width from the fit.

motion of nanoparticles via two photodetectors. A balanced

photodetector (PD1) subtracting the signal without nanoparti-

cles from the signal with nanoparticles provides a low noise

signal. A quadrant photodetector (QPD) provides the time

evolution of the spatial distribution of the trapping beam. The

DC voltage of the QPD is about 6V for all the four chan-

nels. The trapped nanoparticles are imaged through an objec-

tive lens with a numerical aperture of 0.42 on a CMOS camera

with a resolution of about 800nm. For imaging, an ultravio-

let (UV) light at 372nm is overlapped with the trapping laser

with a dichroic mirror and shone on nanoparticles. The in-

frared light scattered perpendicularly to the trapping beam by

nanoparticles is monitored via an independent photodetector

(PD2) that allows us to estimate the size of nanoparticles. The

setup around the trap region is installed in a vacuum chamber.

We load nanoparticles into the trap in the following man-

ner [19–22]. For each implementation, we introduce a mist of

ethanol including Cu2O nanoparticles into the vacuum cham-

ber. When an ethanol droplet crosses a tightly focused laser

beam at around the focus of the laser beam, ethanol is evapo-

rated and nanoparticles are left trapped. The frequencies of

the harmonic confinement of Cu2O nanoparticles are mea-

sured to be about 60kHz, 50kHz, and 150kHz in the x, y,

and z directions, respectively, at around 400Pa, slightly above

the pressure where they disappear. We infer that the disap-

pearance indicates evaporation due to heating with laser ab-

sorption (see sec. IV).

III. OBSERVATION OF THE ORBITAL MOTIONS

The motion of nanoparticles trapped in air is random due

to their Brownian motion. It is only at low pressures of be-

low 100Pa that their motion shows a clear oscillation with

the frequency of the harmonic confinement [18–21, 23, 24].

Previous experiments for cooling the motion of nanoparticles

have been performed in such a pressure regime and have em-

ployed silica nanoparticles with radii of about 70nm. By con-

trast, the present study uses Cu2O nanoparticles with radii of

about 80nm. We discover that, when trapped in an optical

lattice, they spontaneously exhibit a clear oscillatory behavior
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FIG. 3. (color online). Transition between Brownian particles and or-

biting nanoparticles. (a) Series of the images of nanoparticles trapped

in an optical lattice when the trapping beam is switched off for 400 µs

every 50ms. The optical lattice has a spacing of 775nm. (b) Time

variation of the power of the trapping laser. Each image in (a) is ac-

quired 25ms before each switching-off pulse with an exposure time

of 5ms. (c) Time trace of the oscillation signal. (d) Time variation of

the common logarithm of the PSD in units of V2/Hz calculated from

(c).

despite in room-temperature air. The probability of observing

the oscillation with Cu2O nanoparticles during many imple-

mentations is about 30%. The oscillation is also observed

with nanoparticles made of other materials, such as silica and

TiO2, with radii of about 160nm. However, with these materi-

als, the probabilities of observing the oscillation during many

implementations are lower than with Cu2O. We still have not

understood the origin of such a difference.

Once the oscillation starts, it survives for more than two

hours without changing its frequency and amplitude. The

phase difference of about 90 degrees among four channels of

the QPD unambiguously shows that trapped nanoparticles are

orbiting [Fig. 1(b)]. The trajectory of the orbiting nanoparti-

cles, recovered from the QPD signals, is shown in Fig. 1(c)

(see appendix for the derivation). The phase relations are sta-

ble for hours, indicating that the orbital motion is unidirec-

tional and its axis is fixed [25]. The orbiting frequencies ob-

served during many realizations are scattered widely from a

few kHz up to 400kHz and do not coincide with the frequen-

cies of the harmonic confinement. The temperature of the or-

bital motion calculated from its amplitude is of the order of

1000K, suggesting that there exists a robust mechanism for

supporting the far-from-equilibrium dynamics.

We find that the power spectral density (PSD) for the orbital

motion can be well fitted by a Lorentzian function of the form

S(ω) =
A

(B2 −ω2)
2
+ω2C2

(1)

that has been used for describing the PSD of nanoparticles

at various pressures [19, 20]. Here, ω denotes the angular

frequency and A, B, and C are fitting parameters representing

the magnitude, the orbiting frequency, and the spectral width,
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respectively. A PSD of the orbital motion at 6× 104 Pa and a

fit to it are shown in Fig. 2. The quality factor of the oscillation

extracted from the PSD (Fig. 1d) exceeds 200, enabling us to

determine the orbiting frequency with a precision of the order

of 0.01%.

It is very unlikely that single Brownian particles abruptly

start to orbit at a specific frequency and keep orbiting stably.

We work in a condition where the density of particles is low

and normally a few (2 ∼ 4) particles are trapped over several

(∼ 10) lattice sites during a single implementation. There-

fore, it can happen that two particles trapped nearby are in-

volved in the phenomenon. With a speculation that more than

one nanoparticle is involved in this phenomenon, we test if

it is possible to release one of trapped nanoparticles by ap-

plying an intensity modulation on the trapping beam. As a

result, we find that switching off the trapping beam induces

the locomotion of trapped nanoparticles along the trapping

beam and occasionally alters the relative distance between two

nanoparticles (Fig. 3). After the trapping beam is switched

off for 400 µs, nanoparticles trapped in a single lattice site

get apart and trapped separately in two lattice sites. At the

same instance, the orbital motion is stopped. In this config-

uration, the wide-spread power spectrum indicates that there

are only Brownian particles. With additional switching-off

pulses, they again get trapped in a single lattice site and start

to orbit at the same frequency as before. The observed behav-

iors are the direct evidence for the two crucial aspects of the

phenomenon. First, the orbital motion occurs only when more

than one nanoparticles are trapped in a single site of the opti-

cal lattice. Second, even trapped in the same potential, these

nanoparticles are not attached to each other and can move in-

dividually [26].

The striking aspect of the orbital motion is that it survives

without changing its amplitude for hours even in the presence

of air friction. For clarifying the role of air, we vary the pres-

sure around the trap region and acquire the oscillation sig-

nals at various pressures [Fig. 4, (a) and (b)]. Remarkably, we

observe a behavior opposite to our expectation of observing

even stronger oscillations at low pressures. The orbiting fre-

quency shows a maximum value at around 6× 104 Pa. Below

this pressure, the orbital motion is slowed with a decreased

pressure and is hardly observable at below 2× 104 Pa. Ap-

proaching this pressure, we observe a dramatic increase in the

spectral width of the PSD. These facts show that the presence

of air is essential for the orbital motion.

It is interesting to see what would happen to the nanopar-

ticles if we bring them to a low pressure, where the orbital

motion is hardly observable, and then again to higher pres-

sures. In particular, we are interested in whether the orbiting

frequency is reproduced each time. The result of repeating

such a procedure is shown in Fig. 4(c), where the measured

orbiting frequency at a specific pressure (4.9×104 Pa) is plot-

ted with respect to the number of repetitions. Importantly, we

observe a slight, but clear monotonic decrease in the orbit-

ing frequencies with each repetition. We interpret that this

decrease results from a decrease in the sizes of nanoparti-

cles. As shown in Fig. 4(c), the scattered infrared light also

decreases with repetition. The magnitude of Rayleigh scat-

0 20 40 60

10-5

10-4

10-3

10-2

0.2 0.4 0.6 0.8 1.0
10

20

30

0 5 10
14

16

18

20

6.0x104 Pa
2.7x104 Pa

1.8x104 Pa

4.1x104 Pa

P
S

D
 (V

2 /H
z)

Frequency (kHz)

a
1.0x105 Pa

 Orbiting frequency

b

O
rb

iti
ng

 
fre

qu
en

cy
 (k

H
z)

Pressure (105 Pa)

0

5

10

 Spectral width

W
id

th
 (k

H
z)

 Orbiting frequencyc

O
rb

iti
ng

fre
qu

en
cy

 (k
H

z)

Number of repetition

12

13

14
 PD2 signal

P
D

2 
si

gn
al

 (
W

)

FIG. 4. (color online). Variation of the orbiting frequency with re-

spect to the pressure. (a) PSDs of the orbiting nanoparticles at vari-

ous pressures. (b) Orbiting frequencies (left axis) and spectral widths

(right axis) with respect to the pressure. (c) Orbiting frequencies after

multiple repetitions of decreasing the pressure to around 1× 104 Pa

and increasing to 4.9× 104 Pa. The power of the light scattered by

nanoparticles is also shown in the right axis.

tering from a nanoscale object is proportional to a6 with a

being the radius of nanoparticles [27] and thus is a sensitive

measure of the size of nanoparticles. We infer that bringing

nanoparticles to low pressures promotes the desorption of gas

molecules attached to nanoparticles and accordingly alters the

orbiting frequency. The observed time evolution is consis-

tent with first-order or second-order desorption processes (see

appendix). This measurement indicates that the orbiting fre-

quency strongly depends on the size of nanoparticles.

An important insight on the orbiting process is obtained by

measuring how it is influenced by the trapping laser. We find

that the orbiting frequency is nearly proportional to the laser

power (Fig. 5). This behavior is in sharp contrast to the prop-

erty of the frequency of the laser confinement, which is pro-

portional to the square root of the laser power [23, 24]. The

observed linearity is a direct proof that the orbital motion is

qualitatively different from known light-induced oscillations,

such as phonon lasing and the parametric instability, that are
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FIG. 5. (color online). Variation of the orbiting frequency with re-

spect to the laser power at atmospheric pressure. The solid line is a

linear fit on the data points without intercept.
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FIG. 6. (color online). Calculated internal temperature with respect

to the extinction coefficient. The boiling point of Cu2O is shown by

a dashed line. From this plot, we estimate the k value at 1550nm to

be 7×10−6 .

driven by radiation pressure: These phenomena show a thresh-

old behavior with respect to the light power and a saturation

at high power [13, 15], neither of which is observed in the

present study. Our argument is further strengthened by the

fact that our experimental configuration has no mechanism of

yielding rotational radiation pressure (see sec. II).

IV. DISCUSSIONS

In this section, we discuss possible mechanisms for the ob-

served orbital motions. A possible scenario is that the or-

bital motions are triggered by the thermal gradient around the

nanoparticles due to heating associated with their light absorp-

tion. It has been known that the heating effect is significant at

low pressures [22]. However, in our working condition, we

estimate that the temperature rise is minor, because nanopar-

ticles are well cooled by surrounding air. Below we provide

detailed arguments on our estimation.
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FIG. 7. (color online). Calculated internal temperature with respect

to the pressure. At atmospheric pressure, the temperature increase is

of the order of 1K.

We calculate the internal temperature of trapped Cu2O

nanoparticles Tint according to the formalism developed in

Ref. [24]. For the calculation, four parameters specific to the

material are needed: the complex dielectric constants at the

wavelength of the trapping laser (1550nm) and at the wave-

length of blackbody radiation. The real and imaginary part of

the dielectric constant are given by n2 − k2 and 2nk , where

n and k denote the refractive index and the extinction coeffi-

cient, respectively. We found literature values of n and k at

around the wavelength of blackbody radiation (several µm) to

be 2.3 and 0.04, respectively [28]. The value of n at around

the near infrared wavelength was also found to be 2.6 [29].

However, we are not able to find a literature value for k at

around 1550nm. For estimating the value of k at 1550nm,

we use the fact that the trapped Cu2O nanoparticles disappear

typically at around 400Pa in our experiments. We interpret

this disappearance as evaporation due to the temperature in-

crease by laser absorption. Fig. 6 shows the calculated Tint

with respect to various k values. The temperature of air is

set to 300K. Because Cu2O evaporates at around 2070K, we

estimate the k value to be 7× 10−6 . Using this value, we

estimate Tint at various pressures (Fig. 7). We find that, at at-

mospheric pressure, the temperature increase is of the order of

1K, which, in principle, produces a thermal gradient around

the laser-trapped nanoparticles. However, it is unlikely that

such a thermal gradient can be the origin of the orbital motion

with a temperature of the order of 1000K. Moreover, if we

assume that the absorption heating drives the orbital motion,

we find a contradiction: at low pressure, the thermal gradient

increases, whereas the orbital motion is attenuated.

The observed orbital motion can be relevant to a two-

dimensional limit cycle of coupled oscillators, which has been

theoretically modeled in the context of the pattern formation

of interacting objects [30, 31]. The common feature found in

these studies is that the spatial order is broken with the addi-

tion of noise, in contrast to the present study where the source

of dissipation, air, is inevitable for the orbital motion to occur.

Thus, we find that, although a similar theoretical model may

be applicable to the present case, a qualitatively new feature
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has to be introduced to the model for describing the orbital

motion. In our experiments, nanoparticles are trapped in an

intense laser field, which create anisotropic near fields around

them with a potential depth of the order of 1000K [32]. The

interparticle interaction mediated by such near fields can be

the origin of the observed orbital motion.

V. CONCLUSION

We have discovered a spontaneous orbital motion of laser-

trapped nanoparticles and demonstrated a transition between

Brownian particles and orbiting particles. The orbital motion

requires the presence of air and its frequency is proportional to

the laser power. Elucidating the driving mechanism of the or-

bital motion will be an important future task. Our work opens

up a unique possibility of manipulating nanoscale objects with

their cooperative dynamics. With the high controllability and

the precision for observing nanoparticles, our system will be

ideal for exploring the cooperative behaviors of few-particle

systems at far-from-equilibrium. Furthermore, owing to the

high sensitivity to the mass variation of nanoparticles, our sys-

tem provides a new approach for nanoscale gas sensing [33].

Appendix A: Estimation of the nanoparticle size

For silica nanoparticles, previous work has demonstrated

a reliable method for estimating their size from the spectral

width at around a few 100Pa, which is determined by colli-

sions with background gases [19, 20]. However, for Cu2O

nanoparticles, the same method does not provide a reliable es-

timation of their size, mainly because they are heated via light

absorption and finally disappear at around 400Pa. Therefore,

we estimate the size of Cu2O nanoparticles in the following

manner. First, we measure the size of a silica nanoparticle ac-

cording to the previous method [19, 20] and simultaneously

record the amplitude of the infrared scattering from it. Sec-

ond, we record the amplitude of the infrared scattering from

a Cu2O nanoparticle. Third, taking into account the depen-

dence of the photon scattering cross section of a nanoparticle

σl on the refractive index n, we relate the amplitude of the in-

frared scattering with the nanoparticle size. σl is given by the

following expression:

σl =
8π3|α|2

3ε2
0 λ 4

(A1)

where ε0 is the permittivity, λ is the wavelength of the trap-

ping laser, and α = 4πε0a3(n2 − 1)/(n2 + 2) is the polariz-

ability [27, 34]. The value of the refractive index of silica

used for this calculation is 1.45. The mean radius of the Cu2O

nanoparticles derived from about 60 measurements is 80 nm.

Appendix B: Analysis of the signal from the QPD

Each channel of the QPD detects the interference between

the trapping beam and the scattered light from nanoparticles

(homodyne detection) [19–22]. The length scale of the motion

of nanoparticles in a trap is estimated to be about 100nm and

is much smaller than the beam diameter (about 3 µm). There-

fore, the length scale of the intensity modulation at the QPD

introduced by the motion of nanoparticles should be much

smaller than the size of the beam at the QPD. In such a situa-

tion, when a nanoparticle moves from the center of the beam,

which we define to be the origin, to a coordinate (x,y), the

intensity variations at the i-th channel of the QPD Vi are given

by

V1 =− b(x+ y) (B1)

V2 =− b(x− y) (B2)

V3 = b(x+ y) (B3)

V4 = b(x− y) (B4)

where b is a numerical factor. Here we used the fact that the

beam is nearly round in our experiment. Thus, we can recover

the projection of the trajectory on the xy plane by using the

detector signals as follows:

x =
V3 +V4

2b
(B5)

y =
V2 +V3

2b
(B6)

which are used to derive the trajectory shown in Fig. 1(c). In

this argument, we focused on the signal from a single nanopar-

ticle. If two nanoparticles exist, we should observe the sum of

the signals from both of them. Due to a large variation in

the trapped nanoparticle size as mentioned before, we infer

that the observed oscillation signal is dominated by the signal

from the larger nanoparticle.

Appendix C: Gas desorption

The desorption of gas molecules from surfaces can be mod-

eled by the Wigner-Polanyi equation [35]:

−
dσ

dt
= C jσ

j (C1)

C j =ν j exp

(

−
Ea

kBTs

)

(C2)

where σ is the surface density of the target species, j is the or-

der of the reaction (either 0, 1 or 2), ν j is the reaction constant,

Ea is the desorption energy, and Ts is the temperature of the

surface. Considering that the factor C j is time-independent,

we obtain the solution of the Wigner-Polanyi equation as fol-

lows:

σ(t) =







−Ct +σ0 ( j = 0)
σ0 exp(−C1t) ( j = 1)
(C2t + 1/σ0)

−1 ( j = 2)
(C3)

with σ0 being the initial surface density. Thus, the amount of

the desorption is given as follows:

V (t) =







SCt ( j = 0)
Sσ0 [1− exp(−C1t)] ( j = 1)
Sσ0 − S(C2t + 1/σ0)

−1 ( j = 2)
(C4)
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FIG. 8. (color online). Time evolution of the decreased volume and

fits on it. The decreased volume is calculated on the basis that the

light scattering is proportional to a6 with a being the radius of parti-

cles.

where S denotes the surface area. The observed time evolu-

tion of the light scattering clearly differs from the j = 0 case,

which corresponds to the desorption from multilayers [36].

Since the latter two expressions provide very similar curves,

we cannot judge which of j = 1 or j = 2 applies to our obser-

vation simply via fitting them to the observed time evolution.

In Fig. 8, we show fits for j = 1 or j = 2 on the observed time

evolution of the decreased volume calculated from the PD2

signal.
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