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Abstract:  Negative optical torque is a counterintuitive optomechanical phenomenon that can 

emerge in light-assembled nanoparticle (NP) clusters (i.e., optical matter) under circular 

polarization. However in experiments, stable negative torque was limited to optical matter with 3 

or more NPs. Here we show that by increasing the particle size, the sign of optical torque can be 

reversed in optical matter dimers, where stable negative torque arises in dimers of 300 nm diameter 

Au or 490 nm diameter polystyrene NPs. Our computational analysis reveals that the multipolar 

resonances in large NPs can enhance the forward scattering along the spin angular momentum 

(SAM) direction of light, creating a recoil negative torque due to momentum conservation. The 

observation of stable negative torque in dimers pushes the limit to the smallest optical matter, 

demonstrating the universal existence of negative torque in such a system. The underlying 

principle also provides new strategies for making light-driven nanomotors. 
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Light carries momentum that can be transferred to small objects to induce observable 

motion. Sometimes the motion is counterintuitive. For example, the transfer of linear momentum 

from photons to an object normally generates a positive optical force to push the object forward. 

However, negative (or pulling) optical forces have also been predicted and observed under specific 

light-matter interactions.1-5 Similarly, the transfer of SAM from circularly polarized light to an 

object normally creates positive optical torque to rotate the object along the SAM direction. 

However, under certain circumstances negative optical torque may also appear.6-17 Negative 

optical torque was first observed in birefringent nanostructured glass slabs,7 and later in macro-

structured liquid-crystal polymer layers by the same research group.15 In both studies, the 

generation of negative optical torque relies on inhomogeneous materials with structured 

birefringence. In contrast, a theoretical study predicted that even non-birefringent particles, e.g., 

dielectric polystyrene microparticles, may also generate negative optical torque when they are 

arranged into discrete arrays with suitable interparticle separations.8 This prediction has been 

demonstrated in light-assembled NP arrays,14, 17, 18 where optical binding19, 20 in a circularly 

polarized laser beam organized colloidal metal NPs into hexagonal clusters. The theoretical study 

argued that small clusters do not favor negative optical torque.8 Our calculation also showed that 

under the point dipole approximation and only first-order scattering, the optical torque is always 

positive on a dimer and a trimer with linear configuration, while a trimer with trianglar 

configuration will show negative torque.14 In our previous experiments, negative torque was only 

observed in optical matter with 3 or more NPs.14, 17, 18 This result agrees with another experimental 

study, where negative optical torque appeared transiently when two Ag NPs fluctuated into a near-

field separation, yet at the optical binding separation (close to λm - the wavelength of light in the 

medium around the NPs), only positive optical torque existed.13 

  A question arises whether stable negative optical torque can be created in two optically 

bound NPs. A hint was given by a theoretical study6 published much earlier than other seminal 

work on negative (or left-handed) optical torque.7, 8 In this study, the calculated positive optical 

torque in an optical matter dimer reversed the sign at certain particle sizes beyond the Rayleigh 

regime, e.g., for silica particles with diameters of ~0.5λm.6 This suggests that stable negative optical 

torque may be created in optical matter dimers with large NPs. In contrast, nearly all previous 

experiments used metal NPs with diameters around 0.19-0.38λm.13, 14, 17, 18 It is worth checking 

whether optical binding of larger NPs will lead to different dynamics under circular polarization. 
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Here we report negative optical torque in optically bound Au NP dimers with diameters of 

300 nm (corresponding to 0.5λm of the trapping laser) in a circularly polarized optical trap. We 

clearly show the reversal of optical torque from positive to negative when the particle size 

gradually increases from 100 nm to 300 nm with an interval of 50 nm. Our calculations reveal that 

the multipolar resonances become significant for Au NPs larger than 250 nm, which enhance the 

forward scattering along the SAM direction of light and create a recoil torque, i.e., the negative 

optical torque. The phenomenon was also observed in optical matter dimers of polystyrene NPs 

with diameters of 490 nm. These results push the limit of negative optical torque to the smallest 

optical matter, demonstrating the universal existence of negative torque in the optical matter 

system. 

 
Figure 1. Calculated optical torque on dimers of Au NPs. (a) Optical torque on dimers with different 

particle sizes and interparticle separations. The torque curves for three small sizes are magnified by 2 to 
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200 times for better visualization. The insets illustrate the rotation directions of the electric vector of light 

and the dimer in the cases of positive and negative torques, respectively. (b) An optical torque diagram for 

dimers of Au NPs. The dashed black curves are the transition boundaries between positive and negative 

torques. The solid purple curve represents the interparticle separation of NPs at their equilibrium optical 

binding conditions. 

 

In order to obtain stable optical torque in optically bound NP dimers, we chose plamonic 

Au NPs due to their ultrastrong optical binding and the commercial availability of different particle 

sizes in the submicron range.17, 21, 22 To guide the selection of suitable particle sizes for experiments, 

we first calculated the optical torque on dimers of different particle sizes and interparticle 

separations using finite-difference time-domain (FDTD) simulations (see Supporting Information, 

Methods). In the simulations, the Au NPs (spheres) were confined in the x-y plane and illuminated 

by a circularly polarized laser in water (λm = 600 nm). The laser wave vector was in the z-direction 

and the electric vector E rotates counterclockwise (i.e., the SAM direction).  The results are shown 

in Fig. 1a and further interpolated into an optical torque diagram in Fig. 1b (see Fig. S1 in 

Supporting Information for additional data). Negative optical torque generally exists for small 

interparticle separations at a certain particle size, and positive torque exists for large separations. 

In particular, the optical torque diagram predicts an optical torque reversal in optical matter dimers 

with increasing NP sizes. When dimers are at their equilibrium optical binding separations, those 

with particle sizes less than 250 nm will generate positive optical torque, which is consistent with 

previous computational and experimental reports on NP dimers based on dipole approximations.13, 

14, 17, 18 However, when the particle sizes are between 250 nm and 350 nm, their corresponding 

dimers will experience negative optical torque at their optical binding separation. It is worth noting 

that Au dimers with smaller NPs can also experience negative optical torque at nonequilibrium 

separations,13 e.g., a dimer of 150 nm diameter NPs at 450 nm separation, but the torque is not 

stable since the dimer cannot maintain this separation by optical binding.  
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Figure 2. Optical torque reversal in optical matter dimers with increasing particle sizes. (a) Continuous 

frames of dark-field optical images of I. 200 nm and II. 300 nm diameter Au NP dimers rotating in the 

opposite directions in a circularly polarized optical trap. The E vector of light rotates counterclockwise in 

the imaging plane. The cross markers are used to track the rotation directions. The scale bar is 1 μm. (b) 

Trajectories of five dimers with different NP diameters relative to the center of mass of each dimer. Arrows 

indicate the rotation directions of the dimers. (c) The corresponding angular trajectory of the orientation of 

each dimer.  (d) The interparticle separation of each dimer. 

 

Guided by the simulation results, we conducted optical binding experiments with a series 

of Au NPs in the size range of 100-300 nm (see Supporting Information, Fig. S2).  The NPs were 

trapped near a coverslip surface in water by a collimated laser beam (λm = 600 nm) with circular 

polarization and relatively flat intensity (see Supporting Information, Methods). The traditional 

optical trap, i.e., a tightly focused Gaussian beam, is not suitable for the experiments because the 

strong compressive gradient force could easily collapse the optical binding configuration.23 The 

optically bound NP dimers normally rotate around their centers of mass, but the directon can 

change for different particle sizes, which can be clearly seen from the dark-field optical images in 

Fig. 2a and the trajectories of NPs plotted in Fig. 2b (also see Supporting Information, Video S1). 

Figure 2c further shows the unwrapped angular trajectories of the two NPs relative to their centers 

of mass. The rotational direction of a dimer clearly depends on the size of the constituent NPs. The 
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dimers of 100, 150 and 200 nm Au NPs have positive angular velocities (i.e., the slopes of 

trajectories), but the dimer with 300 Au NPs has a negative angular velocity, while the dimer with 

250 nm Au NPs just fluctuates without directional rotation. Figure 2d shows the interparticle 

separations of these dimers, which are very close to the calculated optical binding separations (see 

Fig. S3 in Supporting Information). Since the E vector of light rotates counterclockwise, positive 

angular velocity corresponds to positive optical torque. Therefore, the results confirm the size-

dependent optical torque reversal from positive to negative in the Au NP dimers, where the 

crossover occurs around 250 nm diameter. We have examined the rotation directions of multiple 

dimers for each NP size and confirmed that 100-200 nm NP dimers have positive torque while 300 

nm NP dimers have negative torque (Fig. S4 in Supporting Information). These experimental 

results agree very well with the simulation predictions. 

 

 
Figure 3. Calculated light scattering by a 150 nm and a 300 nm Au NP in their corresponding dimer system. 

(a) The y-components of Poynting vectors around the two NPs in the x-y plane. The directions are shown 
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by the arrows and the magnitudes are mapped by the colors. Each NP is left in a dimer oriented along the 

x-axis as illustrated in the top-right inset of the top panel. The interparticle separation is 600 nm. The red 

strip indicates the area illuminated by circularly polarized light (λm = 600 nm). Y1 and Y2 are two monitors 

placed in the x-z plane to record the light scattering by each NP in the +y and –y directions. (b) The y-

components of Poynting vectors across the Y1 and Y2 monitors. Positive values on the Y1 and Y2 monitors 

indicate that the light power flows in the +y and –y directions, respectively.  

 

Negative optical torque also occurs in polystyrene NP dimers. We have trapped polystyrene 

dimers of 170 nm, 260 nm, 300 nm, and 490 nm (see Supporting Information, Fig. S5). Stable 

negative optical torque was observed in polystyrene dimers of a 490 nm diameter (see Supporting 

Information, Fig. S6 and Video S2) as predicted by simulations (see Supporting Information, Fig. 

S7).   

To understand the size-dependent reversal of optical torque, we calculated the Poynting 

vectors around the NPs in their dimers and monitor the light scattering. As illustrated in the top-

right inset of Fig. 3a, the FDTD simulation model places two NPs along the x-axis, so the 

difference of light scattering in the +y and –y directions by each NP can indicate the optical force 

and torque on this NP. The two NPs are illuminated by a narrow strip of light (projection of a 3-

dimensional light source in the x-y plane) that propagates in the +z direction, and two monitors 

(Y1 and Y2) are placed in the x-z plane close to the left NP to record the scattering power of light. 

Figure 3a shows the y-components of Poynting vectors of scattered light on the x-y plane at z = 0 

across the centers of a 150 nm and a 300 nm Au NP in two dimers (see Supporting Information, 

Fig. S8 for Poynting vectors with both x and y-components). Both NPs have a strong scattering 

region away from the NP surface in the +y direction, which can be seen from the red region of the 

Poynting vectors. Similar scattering behavior can be observed in the Y1 monitors as shown in Fig. 

3b. However, the scattering in the –y direction shows different behaviors for the two NPs, while 

the 150 nm NP has one scattering region to its bottom-left side on the x-z plane, the 300 nm NP 

has another elongated scattering region to its bottom-right side. This additional scattering region 

is due to the multipolar resonances in the large Au NPs. By calculating the multipolar expansion 

of the scattering cross-sections of Au NPs, we find that the total scattering of a Au NP is almost 

solely contributed by the electric dipole when the particle diameter d ≤ 200 nm, while for larger 

particles the magnetic dipole and electric quadrupole start to arise (Supporting Information, Fig. 

S9). For dimers, the electric quadrupole starts to arise in smaller NPs at 150 nm. Therefore, the 
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dipole approximation is suitable for describing the optical binding of Au NP dimers up to 150 nm 

diameter, corresponding to 0.25λm, but not accurate anymore for larger particles.  

 

 
Figure 4. Light scattering in the +y (Y1) and –y (Y2) directions by the left NPs of different sizes in their 

corresponding dimers. The power of scattered light is normalized to the power of incident light. Y1–Y2 is 

the net power of the scattering, where the negative value indicates enhanced scattering along the SAM 

direction of light. 

 

It is known that negative optical torque can arise in a discrete particle assembly when its 

scattering increases the SAM of light along the positive direction.8, 9 Therefore, the additional 

scattering region in Fig. 3b may enhance the scattering to the –y direction and cause a different 

optical torque on the 300 nm NP. To verify that, we further checked the power of scattered light 

across the Y1 and Y2 planes for the 150 nm and 300 nm NPs. As shown in Fig. 4, the two NPs 

indeed have different biases of scattering, where the 150 nm NP scatters more strongly in the +y 

direction while the 300 nm NP scatters more strongly in the –y direction. Similar bias is observed 

in the projection of the angular intensity distribution of scattering from 300 nm Au NP dimers 

(Supporting Information, Fig. S10). Additional NP sizes have also been examined, and a trend of 

reversed net scattering, as represented by the difference of scattering power (P) across the two 

monitors (i.e., PY1–PY2), can be clearly seen in Fig. 4. In particular, the net negative scattering 

power for NPs larger than 250 nm indicates stronger scattering in the –y direction, which will 

generate a recoil force to move the NPs along the +y direction. As a result, the dimer will rotate 

clockwise, which is opposite to the rotation direction of the E vector of light and is driven by a 

negative optical torque. In other words, the enhanced scattering along the SAM direction by a 
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dimer of larger NPs increases the angular momentum of light, and due to the momentum 

conservation in the system (i.e., the dimer and light), the dimer needs to rotate in the opposite 

direction, leading to a negative torque. This mechanism can also be applied to explain the optical 

torque reversal via changing the interparticle separation of a dimer. For example, Fig. 1 predicts 

that for a dimer of 300 Au NPs, the optical torque will reverse from negative back to positive by 

increasing the interparticle separation from 600 nm to 700 nm. Our calculations confirm that the 

net scattering power flow indeed evolves from the –y to +y direction with the crossover at 650 nm 

(see Supporting Information, Fig. S11), the same as that in Fig. 1. 

Since the optical trapping beam only carries SAM, the orbital motions of the dimers must 

come from the spin-to-orbital angular momentum conversion.6 Such conversion can be induced 

even by a single sphere, which is manifested by a spiral energy flow (i.e.,  the Poynting vector) of 

the scattering field around the sphere.24 Our simulations show that such spiral energy flows exist 

around single Au NPs (see Supporting Information, Fig. S12). Moreover, we find that for a 150 

nm Au NP, the energy flow will only exert a positive optical torque on a virtual 150 nm Au NP 

(without interparticle interactions) at the optical binding position, while for a 300 nm Au NP, two 

opposite energy flows exist one of which will generate a negative optical torque. In real optical 

matter dimers, the interparticle interactions are dominant as shown in Figs. 3 and 4, but the single 

particle cases still indicate that the particle size can influence the sign of optical torque by changing 

the spin-to-orbital angular momentum conversion. 

In conclusion, we have demonstrated that stable negative optical torque can exist in the 

simplest optical matter clusters, i.e., a dimer. This result reduces the required number of constituent 

particles to observe this phenomenon in the optical matter system from at least 3 down to 2, which 

could not be achieved in previous studies despite various efforts such as tuning the surface charge 

and laser wavelength.13, 14, 17, 18 The solution relies on the particle size, where multipolar resonances 

arise in large NPs that enhance the forward scattering along the SAM direction of light, leading to 

negative optical torque due to the conservation of momentum. We have used both Au and 

polystyrene NPs to experimentally show this phenomenon, which demonstrates the universal 

existence of negative torque in the optical matter system. We have also used FDTD simulations 

and numerical calculations to reveal the mechanism, which provides a clear understanding of the 

seemingly abnormal dynamics of NPs in an optical field. NP dimers are of general interests for 

their potential applications in nanomotors and nanoswimmers,25-28 e.g., lateral optical forces can 
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arise in asymmetric NP dimers with different particle sizes,25, 29 and recently this principle has 

been applied to fabricate nanomotors and metavehicles based on arrays of asymmetric NP 

dimers.30, 31 One may view the negative optical torque in optical matter as a special product of 

lateral optical force, considering that the force is also orthogonal to the beam propagation direction 

and arises from non-conservative electrodyanmic interactions.6 Controlling and switching the sign 

of optical torque on metasurfaces based on discrete NP clusters by changing the particle size, along 

with other parameters such interparticle separation, number and configuration of constituent NPs, 

will provide new strategies to fabricate and manipulate nanomotors. 
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