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[bookmark: _Hlk144805353]1. Calculation results of the optical torques

Fig. S1 shows the calculation results for optical torques when the power of the trapping laser is fixed at 100 mW and the complex refractive index is set to 1.




[bookmark: OLE_LINK3]Fig. S1(a) shows the components of the total optical torque τz under different ellipticities, where  represents the angular displacement of the symmetrical axis of the nanodumbbell. Notably, the ab-initio calculations of the optical torques coincide with the theoretical model in the Methods section. Specifically, τz can be treated as a superposition of a sinusoidal torque and a biased constant torque, , where the former arises from anisotropic polarizations and the latter mainly arises from absorption. As the ellipticity increases, τ0 decreases. As shown in Fig. S1(b), the values of  are negative because the directions of the spin angular momenta of the photons are set along the negative z axis, while the absolute values of  increase as the ellipticity increases. 
[image: ]
Fig. S1 Calculation results for optical torques. During the calculation, the power of the trapping laser is fixed to 100 mW. (a) Component of the total optical torque τz when η=0.00, 0.27, 0.45, 0.69 and 1.00. (b) Biased constant torques τconst,z with respect to ellipticity, corresponding to the dashed box in (a).
[bookmark: _Hlk149294278]2. Calculations and discussions on the critical librational/rotational transition dynamics of the nanodumbbell
Since critical librational/rotational transitions dominantly occur in the degree of freedom about the z axis in the xy plane, it is reasonable to consider the optical torques along the z direction only.

Based on the calculations above, the librational/rotational dynamics of the nanodumbbell can be intuitively understood by defining the washboard potential2-5 in Equation (S1) according to the optical torque , as follows:

 (S1)
Three typical washboard potential curves for ellipticities of 0.00, 0.69 and 1.00 are shown in Fig. S2. For simplicity, the complex refractive index is consistent with that in Fig. S1.

When , no barriers and traps exist. The nanodumbbell rotates continuously, and elliptically-polarized optical fields with large ellipticities and circularly-polarized optical fields follow this condition.

When , the barriers and traps are shown in Equation (S2):


, (S2)
where q are integers. The corresponding barrier and trap potentials are shown in Equation (S3).

 (S3)
The potential difference between the adjacent barrier and trap is thus derived in Equation (S4).

 (S4)











The barrier-trap potential difference  is highly important for manipulating librational/rotational dynamics. In a trap, if the kinetic energy  (where I is the rotational inertia and  is the angular velocity at the trap) of a nanodumbbell is less than , the nanodumbbell will experience a steady libration in the trap, and elliptically-polarized optical fields with small ellipticities and linearly-polarized optical fields will align with this condition. Furthermore, considering the extra stochastic damping from ambient air molecules, the librational kinetic energy  at a trap larger than , serves as a necessary requirement for libration-to-rotation transitions. For a nanodumbbell’s continuous rotation, when  becomes larger than its rotational kinetic energy  (where I is the rotational inertia and  is the rotational angular velocity), the nanodumbbell will certainly experience a rotation-to-libration transition. When  approaches the librational/rotational kinetic energy, critical librational/rotational transitions may occur, during which the nanodumbbell experiences stochastic interchange between librations and rotations. Moreover, stochastic collisions from ambient air molecules account for the stochastic characteristic of transitions. In brief, the barrier-trap potential difference , the librational/rotational kinetic energy and stochastic damping serve as determinant factors in librational/rotational dynamical manipulations.





As shown in Fig. S2, when the power of the trapping laser is fixed,  decreases as the ellipticity increases; thus, the ellipticity can serve as an intermediate parameter to achieve librational/rotational dynamical manipulations. To account for the bistabilities of librational/rotational transitions, the effects of the initial librational/rotational kinetic energy play dominant roles. Since the rotational kinetic energy  is relatively high, a large  is needed to facilitate the rotation-to-libration transition. However, because of the relatively low librational kinetic energy  at the trap, a small  is sufficient to induce the libration-to-rotation transition. Therefore, there is a difference between critical ellipticities for libration-to-rotation and rotation-to-libration transitions, and the bistable hysteresis in the main text is understood.
[image: ]
Fig. S2 Typical washboard potentials. Potential curves are calculated under a trapping laser power of 100 mW and ellipticities of 0.00, 0.69 and 1.00. The complex refractive index is consistent with that in Fig. S1.
To depict a more intuitive physical picture, we numerically calculate the librational/rotational trajectories by solving the Langevin equation, and the results are shown in Fig. S3. During this process, the initial states of the nanodumbbells are given by thermal equilibrium states. The gas pressure is estimated to be approximately 1 mbar, and the damping rate is set as a free parameter to ensure that the rotation frequency agrees with the experimental results. In agreement with Fig. S2, the complex refractive index is consistent with Fig. S1. 
The trajectories in Fig. S3 provide clear depictions of the librational/rotational dynamical manipulations with respect to ellipticities. When η=0.00, the value of Δθ persistently oscillates around 0°, reflecting the steady libration of the nanodumbbell. When η=1.00, the value of Δθ rapidly changes in one direction, indicating the continuous rotation of the nanodumbbell. When η=0.69, the trajectory evidently shows the stochastic interchange between the steady libration and the continuous rotation, dynamically demonstrating the critical librational/rotational transitions of the nanodumbbell.
[image: ]
Fig. S3 Calculation results of the librational/rotational trajectories. The trajectories are calculated by solving the librational/rotational Langevin equation under a trapping laser power of 100 mW and a vacuum degree of 1 mbar when the ellipticities are 0.00, 0.69 and 1.00. The complex refractive index is consistent with that in Fig. S1. (a) A typical librational trajectory when η=0.00, a typical critical librational/rotational-transition trajectory when η=0.69, and a typical librational trajectory when η=1.00. (b) Zoomed-in view of the dashed box in (a).
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