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1. Optical field distribution of the trapping beam 

To gain the intensity 𝐼  of light illuminated on the levitated particle, the intensity 

distribution of the focused beam for trapping particles has been calculated. Fig. S1 

illustrates the focusing of paraxial light beam by an aplanatic lens. 

Figure S1: Geometric representation of an incident laser beam focused by an aplanatic 

lens system and definition of coordinates [1]. 

According to [1], the angular spectrum representation of a focal field can be 

expressed as 

𝐄(ρ, φ, z) = − 𝑖𝑘𝑓𝑒2𝜋 𝐄 (𝜃, 𝜙)𝑒 𝑒  ( )𝑠𝑖𝑛𝜃𝑑𝜙𝑑𝜃  

Where the definition of coordinates are denoted in Fig.S1, ρ = 𝑥 + 𝑦 , 𝑘=n𝑘 = 



nω/c = n2π/λ  represents wave number, 𝑓  is focal length, 𝐄 (𝜃, 𝜙)  is the field 

distribution on the reference sphere, the maximum angel 𝜃  is related to NA of the 

lens 𝜃 = arcsin (NA). Fig. S2 shows the intensity distribution in the X–Y plane and 

three axes simulated with Debye integral. By fitting the intensity along each axis with 

Gaussian function, we get the 1/𝑒  intensity radius 𝜔 = 746 𝑛𝑚, 𝜔 = 746 𝑛𝑚 

and 𝜔 = 1576 𝑛𝑚.  

 

Figure S2: (a) The intensity distribution simulated with Debye integral in the X-Y plane. 

(b) Simulated intensity distributions along the X (blue) Y (red) and Z (green) axes. The 

dashed lines are fittings with a Gaussian function. 

2. Scattering light detected by CMOS camera 

The trapping laser beam introduces stray light easily inside the vacuum chamber. To 

distinguish with stray light, a CMOS camera is used to filter the particle scattering light. 

Fig. S3(a) shows the optical well imaged with the collecting system shown in Fig. 1(a) 

where objective lens and collective lens scatter significant light power. Fig. S3(b) 

illustrate that the scattered light from the trapped single nanoparticle is screened out by 

appropriate integration area selecting. 



 
Figure S3: (a) Optically detected optical well on the CMOS camera. (b) Enlarged picture 

of trapped particle showing the light intensity integration area. 

3. Experimental data of the 25 trapping experiments In total, 25 trapping experiments is executed to confirm that the optically levitated 

single nano-spheres can be distinguished at ambient condition according to its 

scattering light. Table S1 lists the scattering light power collected in each trapping 

experiment; Particle radii calculated through scattering power and damping rate at 10 

mbar is shown; The last column records whether the trapped particle can survive at low 

air pressure of 10-2 mbar or not. Fig. S4 shows the PSD of the motion of the No.10 

particle at 5 × 10  mbar, which reveals that the particle survives in near high vacuum. 

The broadening of the resonance peaks of all three axes arises from thermal 

nonlinearities of the nanomechanical oscillator [2,3,4], which can be mitigated by 

feedback cooling. 

Table S1: Experimental data of 25 trapped particles. 

No. 
Pscatter 

(nW) 

Rscatter 

(nm) 

RdampingX/Y/Z 

(nm) 
Surviveness  

1 9.69(0.26) 48.5 —— N 

2 1.77(0.21) 36.5 —— N 

3 45.54(0.37) 63 65.72(2.598)/65.28(2.651)/65.5(1.78) Y 



4 168.54(0.79) 78.5 76.66(2.622)/70.89(2.57)/78.58(3.076) Y 

5 88.81(0.33) 70 76.37(4.01)/76.58(3.106)/77.1(3.653) Y 

6 44.46(0.30) 63 67.29(2.122)/68.3(2.762)/68.7(2.694) Y 

7 307.27(1.28) 87 -/70.08(3.199)/70.54（3.311） N 

8 8.4(0.23) 47.5 —— N 

9 107.94(0.56) 73 74.03(2.562)/58.73(2.2)/59.21(2.73) Y 

10 45.96(0.37) 63 66.85(3.254)/67.24(2.6)/67.51(3.021) Y 

11 275.3(2.5) 85 86.85(2.98)/69.64(2.46)/69(3.34) Y 

12 212.64(1.11) 82 82.9(3.24)/62.8(2.41)/64.4(2.16) Y 

13 310.14(0.89) 86.5 90(4.11)/71.8(3.61)/72(2.42) N 

14 152.68(0.97) 77 78.68(3.72)/65.6(3.44)/65.23(2.67) Y 

15 552.94(1.99) 95.5 97.85(4.07)/76.67(2.15)/75.49(3.34) N 

16 82.06(1.0) 69.5 70.8(2.41)/65.61(2.43)/66.41(1.85) Y 

17 179.01(1.2) 79 81.17(3.90)/65.28(2.58)/65.49(2.29) Y 

18 85.37(1.06) 70 63.52(2.46)/60.21(1.86)/63.53(2.82) N 

19 90.28(1.11) 70.5 71.83(3.25)/71.43(2.16)/72.24(3.12) N 

20 65.45(1.41) 60 57.81(2.32.)/55.89(1.69)/57.09(2.24) Y 

21 128.41(1.08) 68 69.16(3.52)/69.2(2.85)/67.96(2.83) Y 

22 54.32(0.93) 59 60.9(2.92)/61.62(2.66)/62.28(2.49) Y 

23 39.65(1.37) 56 71.84(2.56)/65.9(3.45)/67.86(2.61) N 

24 163.53(1.85) 70.5 67.24(2.77)/48.13(1.7)/58.89(1.49) N 

25 151.15(1.66) 69.5 70.22(2.4)/69.5(2.85)/69.56(3.01) Y 
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Figure S4: PSD motion signals of the particle along three axes at a pressure of 𝟓 × 𝟏𝟎 𝟑 

mbar. 

4. Particle size 

Two transmission electron microscope (TEM) images of the silica particles used in 

the experiment are displayed in Fig. S5. Statistical results on the 105 particles in the 

two pictures reviews that most of the particles have a diameter in the range of 100-200 

nm as shown in Fig. S6. Thus, the single nanoparticle selection method sets particle 

radius selection range 50-100 nm.  

 

Figure S5: (a,b) TEM micrographs of the nano silica particles used in the experiment. 
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Figure S6: Statistical distribution of the nanoparticles 

5. Criterion for single nanoparticles  

According to Li at al.’s study [5], non-spherical particle like nanodumbbell 

(composed of two nanospheres) has different damping rates along three motion axes. 

Correspondingly, different radii values are calculated using the kinetic theory of 

particles in gas. To distinguish the calculated radii difference from particle composition 

and computational error, particle radii differences due to two reasons are analyzed.  

A. Computational error of particle radii calculated based on the kinetic theory 

of particles in gas  

Based on the kinetic theory of particles in gas, Γ = × .. ×(1+𝑐 ) [6,7], 

where 𝑚 = 𝜋𝑅 , 𝑐 = 0.31𝑘 /(0.785 + 1.152𝑘 + 𝑘 ), 𝑘 = ̅
,( 𝑙 ̅ = 𝑘 𝑇/√2𝜋𝑑 𝑝). At 10 mbar，𝑘 ≈ 145，𝑐𝑘 ≈ 0.002. The radius of trapped particle is 

expressed: 

𝑅 = 0.619 × 18√2𝜋(𝑑 /2) 𝜂4𝐾 𝑇Γ 𝜌 × 𝑝 

For the trapping and detection system used for analyzing the kinetic motion of 

particles in gas in our system, the error propagation on the calculation of radius 𝑅 



gives: 𝜎𝑅𝑅 = − 𝛿𝑇𝑇 + − 𝛿ΓΓ + − 𝛿𝜌𝜌 + 𝛿𝑝𝑝  

where ≈ 1%, ≈ 0.5%， ≈ 0.5%， ≈ 5 − 10%， ≈ 0.2%. The main 

error arises from material density. In 2020, Zheng et al. [2] demonstrated that the 

density of the silica particle produced by Bangs Laboratories (the same product catalog 

number to that used in our study) is ρ=2.01±0.10 g/𝑐𝑚 , correspondingly, = 5%. 
The particle density we adopted is 2.0 kg/𝑚 (product data sheet), which is 10% 

smaller than that of general amorphous silica. Thus, = 5 − 10%. 

Therefore, = 5.15 − 10.1% . Thus, in our study, Particle radii error 10%  is 

accepted in our study. 

B. Particle radii of a nanodumbbell composed of two nanospheres  

In 2018, Li et al. [5] theoretically calculated and experimentally demonstrated that 

the damping rates of a nanodumbbell (composed of two nanospheres) moving along 

(Γ ) and perpendicular (Γ ) to its axial direction has different values (Fig. S7). The 

calculated ratio is = = 1.276, when = 1.9, and = = 1.258, when =2. Therefore, trapped particles that composed of more than one nanosphere can be 

distinguished through its difference in damping rates along different axes, as they tend 

to show damping anisotropy. Thus, their radii along each axis will be different 

according to the calculation model Γ = × .. ×(1+𝑐 ) [6,7].  

Figure S7: Schematic view of a nanodumbbell composed of two nanospheres. 

For example, the trapped particle No. 9 has radii ratio of = .  .  = 1.26，= .  .  = 1.25. It is treated as non-single particles in the study. 

Therefore, if the radii of the trapped particle calculated using kinetic theory has 



difference of less than 10% along three axes and the radii is between 50-100nm (radii 

range of particle used in this study), we take the trapped particle as single particle. 

To increase the ratio of single particles as much as possible, we highly dilute the 

particle suspension that nebulized and loaded in the optical trap. In our experiment, 

over half of the trapped particles selected as candidates of single nanoparticles through 

scattering power is verified using the kinetic theory, and the particle radii calculated 

using two methods match well. Moreover, it should be noted that if particle products 

with small radii range, like SiO2-R-L3205-21(143±4 nm) nanoparticle product from 

Micro Particles, is used, we can directly tell if the particle is a single particle or 

not from its scattering power. 

6. Phenomenon of particle adhering and loss in an optical trap  

As a large number of droplets is introduced in the chamber in each particle nebulizing 

step, particle clusters can easily be introduced. What's worse, the number of captured 

particles frequently varies if the chamber is not evacuated quickly after particle 

capturing. Fig. S8 shows a trapping experiment in which the trapped particle passes 

through several particle adhering and loss processes.  
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Figure S8: Scattered light of trapped particle under ambient condition recorded over a 

long duration with particle adhering and loss processes. 
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