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Figure S1.  Histogram of the length of Si nanowires (measured from ~100 wires. The average is 6.7 µm).
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Figure S2.  Simulation results of Im(p), (p), and   for (a-c) 5 µm and (d-f) 10 µm wires. 
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Figure S3.  Multi-cluster formation under a large circular light pattern, e.g. 250 µm in diameter. The ten small clusters eventually merge into three large stable clusters.
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Figure S4.  Single cluster formation when the light pattern is reduced to a size of 50 µm in diameter. 

[image: ]
Figure S5.  Dynamic chaining and long-range interaction of micromotor chains. (a) Schematic and (b) experimental snapshots of three nanorods interacting and chaining at 200 kHz rotating E-field every 0.25 s. Scale bar: 20. (c) Simulation of chaining and dynamic rotation from 10 nanorods. (d) Average electric potential energy of all orientation configurations between two nanorods versus inter-distance. 
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Table S1. The input stimuli, results, concept, and driving mechanism of various micromotor swarms.

Note 1: Theoretical analysis of electric polarizability of a nanorod in a rotating electric field
    Consider the x-axis along a nanorod’s longitudinal direction, the field vector can be expressed as , rotating counterclockwise at angular frequency of . Assuming all the nanorods in the solution have identical geometry and electrical properties, the calculated polarizability () would be also the same. As a nanorod has a large aspect ratio, its electric polarizability along the transverse direction can be considered as negligible in the tested frequencies, and  can be approximated as the electric polarizability along the long direction of the nanorod. In an AC electric field, due to the Maxwell-Wagner polarization and electrical-double-layer effect,13 the polarizability  is a function of frequency and also a complex quantity containing a phase lag to the applied external field. The induced dipole from an individual nanorod is  Since the field is constantly rotating, the phase of the field is the angle of the field vector. A uniform electric field always exerts a zero dielectrophoretic force on the induced dipole, but still applies a torque when the dipole moment has lagging angle to the phase of . The averaged torque over one cycle can be expressed by

Note 2: Method for the calculation of electrostatic interactions of two identical nanorods in a rotating electric field
The orientation of the nanorod is defined in the interval of . The component of the electric field  that is in parallel with nanorods 1 and 2 are  and , respectively, with correspondingly induced dipoles of  and . Since there is a phase lag of () between and the same phase lag will pass to the induced dipole  and . The dipole on nanorod 1 is then represented by two point-charges  and  located at  and . The dipole-dipole interaction between the nanorods 1 and 2 is then calculated from the Coulomb forces between the four point-charges . Since the nanorods are identical, , when they are at the same condition. The induced charges are directly proportional to the dipole moment, and thus the same phase lag between  and  will be inherited by the charges of  , respectively, where   when a rod aligns with the external field (E). As a result, the Coulomb’s force between  and  in average over one period is given by Equation (1):

,	(1)

where  is the permittivity of the suspension medium. The equation shows that all the involved point-charge interaction becomes zero in a rotating electric field when two nanorods are oriented orthogonally, corresponding to  .  


Note3: Discussion about long-range interaction and transition between networks and clusters
The two types of swarm behaviors, network formation and clustering, only arise when the induced dipole-dipole interaction is significant, i.e., under laser exposure and when the frequency is between 10 kHz to 200 kHz. But how does the transition between these two modes occur and what makes the difference, e.g., how can the network form without further collapsing into clusters? We investigate the underlying principle by modeling the dynamic assembling process of a micromotor chain. As shown in Fig. S5a, when three nanorods assemble into a chain, the rod in the middle (in yellow) cannot receive an effective rotational torque exerted by the external electric field due to the attachment of the two neighboring nanorods at its two tips, where the opposite charges at the junctions nullify electric torques from the external field. For the two micromotors separated at the two ends the chain, however, has one end fixed to the rod in the middle, with the other end free to rotate. As a result, the two nanorods on the ends of the chain (in blue and red) rotate around the fixed tips of the nanorod in the center. When they are approximately  to the adjacent rod (in yellow), the dipole-dipole interaction becomes much lower, often causing them to disassemble from the chain (Fig. S5b). This experimental result is well replicated in the simulation (Fig. S5c and Movie S17), where two micromotors rotate around the tips of a close-by nanorod assembled in the center, frequently disassemble when aligned to the orthogonal direction, and re-assemble at the tips during the rotation. 

The simulation of the above multi-nanorod chain system sheds light to the two aforediscussed swarm modes. When many nanorods are dispersed in a suspension, the high density and near-field interaction result in their rapid assembly with neighboring rods, forming into a network in an electric field. For the nanorods assembled inside the network, the rotational torques are largely cancelled, similar to those in the center of the chain system studied in the simulation (Fig. S5c). Here, although long-range attraction forces among the rods can exist at frequencies of 10 kHz to 200 kHz, such electrostatic interactions are insufficient to overcome the energy barrier needed to break the assembled nanorod chain for the clusters observed at 10 kHz. On the other hand, at 10 kHz, the electrorotation torque is much more substantial compared to that of ~200 kHz, which greatly suppresses chaining or assembly, while the electrostatic interaction is strong enough that can aggregate the rotating nanorods into clusters. To unveil the electrostatic attraction effect that could account for cluster formation, we calculate the electrostatic potential between two polarized nanorods placed in a rotating electric field in Fig. S5d. As aforediscussed in Equation (2), the dipole-dipole electric interaction between two neighboring rods can be either attractive or repulsive depending on their relative orientations. When rotating the two rods, it is reasonable to assume that their relative orientation is uniformly distributed in the range of . With this assumption, we can calculate the average electrical potential between two randomly oriented rods under the rotating electric field as a function of the center-to-center distance, as shown in Fig. S5e, which indicates the averaged electrostatic force between two rotating nanorods in an electric field is attractive. 
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