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Abstract

Silicon nanowires are held and manipulated in controlled optical traps based on

counter-propagating beams focused by low numerical aperture lenses. The double-

beam configuration compensates light scattering forces enabling an in-depth investi-

gation of the rich dynamics of trapped nanowires that are prone to both optical and

hydrodynamic interactions. Several polarization configurations are used, allowing the

observation of optical binding with different stable structure as well as the transfer

of spin and/or orbital momentum of light to the trapped silicon nanowires. Accu-

rate modeling based on Brownian dynamics simulations with appropriate optical and
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hydrodynamic coupling confirms that this rich scenario is crucially dependent on the

non-spherical shape of the nanowires. Such increased level of optical control of multi-

particle structure and dynamics open perspectives for nanofluidics and multicomponent

light-driven nanomachines.
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momentum

The precise and reliable manipulation of single or multiple nanostructures has important

consequences for contemporary nanoscience.1 In this regard, optical forces2–4 exerted by

light beams can play a key role.5–8 Light can be used to trap,2–4 push9–11 or bind12–15 a

great variety of dielectric,16–23 semiconducting,24–31 carbon-based,32–35 plasmonic,36–42 metal-

dielectric hybrid,43,44 and biological45–47 nano- and micro-particles, directly in liquid, air or

vacuum environment.

In single-beam optical trapping, i.e., standard optical tweezers,3,4 a laser beam is gen-

erally focused by a high numerical aperture (NA) objective to a diffraction-limited spot.

Thus, a nanoparticle can be trapped near the focal point by optical forces associated with

the high intensity gradients surrounding the focal region. These gradient forces generally

overcome the unavoidable light scattering forces which tend to push the particle in the (ax-

ial) propagation direction, downstream of the beam focus.8 However, for small nanoparticles

this destabilizing effect of scattering forces combined with thermal fluctuations can be large

enough to overwhelm trapping forces for reasonable incident laser powers.6 Morphology,42

material composition,48 and enhanced optical properties of nanoparticles can increase optical

trapping at the nanoscale – for example optical forces can be enhanced by the particle opto-

plasmonic response,36–42 or by highly anisotropic geometries, such as in nanowires,25–28,49

carbon nanotubes,32,33 graphene,34 and layered materials.11 Alternatively, the detrimental

effects of scattering forces can be suppressed through the use of two counter-propagating
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beams.2 These dual-beam traps are based on the use of low NA lenses and allow trapping

of nanoparticles with reduced incident power in a focal region that is wider than for stan-

dard optical tweezers.5,14,42 When the beams are linearly polarized in the same direction, a

standing wave trap50 is formed and many equilibrium positions are generated by the inter-

ference fringes that form along the beam axis.51 Optical trapping with counter-propagating

beams can also be obtained with less alignment effort if a low NA objective and a mirror are

used,52,53 by using two single-mode or photonic crystal fibers without any beam focusing54–56

or employing hollow-core photonic fibers filled with liquid or air.57,58

The dual-beam geometry is particularly suitable for the investigation of optically medi-

ated self-arrangement of multiple particles along the beam axis, the so-called longitudinal

optical binding effect.13,18,59 While optical binding of spherical particles has been extensively

studied, both theoretically13,15,60–68 and experimentally15,18,19,56,59,69–80 in lateral or longitu-

dinal geometries, optical binding of non-spherical, chiral, or birefringent particles is still in its

infancy both experimentally6,21,81,82 and theoretically.31,61,83,84 Moreover, optical binding be-

tween more complex, lower symmetry objects, offers perspectives to the optically controlled

generation of complex functional microstructures, e.g., to deliver particles,79 form optically

bound rotors21,74 or tunable two-dimensional lattices of optically bound microstructures.75

In this work, we use counter-propagating Gaussian and Laguerre-Gaussian beams with

three different types of polarizations: parallel linear polarization (PLP), crossed linear po-

larization (XLP), and opposite circular polarization (CP). We observe a rich spectrum of

localization, orientation, and rotation possibilities for individual and optically bound silicon

nanowires (SiNWs). We investigate experimentally the stability configurations and nanowire

dynamics in the trap. Thus, we contrast our observations with accurate theoretical simula-

tions based on Brownian dynamics of the optical and hydrodynamic interactions performed

with parameters close to the experimental ones.

SiNWs are synthesized by metal assisted chemical etching85,86 (MACE) (see section S4.1

in the Supp. Info. for more details) using a solution of silver nitrate (AgNO3) and hydrogen
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Figure 1: (a) Cross section SEM image of SiNWs obtained after the wet etching of the
silicon substrate. The image displays a dense and uniform distribution of NWs, having
approximately 6 µm length. (b) TEM microscopy image of the top region of a SiNW, showing
a good uniformity and a diameter of D = 78 ± 16 nm as obtained from TEM analysis.
(c) Sketch of the dual-beam optical trap. This is composed of two counter-propagating
laser beams (left-hand beam, LB, and right-hand beam, RB) focused by two aspheric lenses
(NA=0.5, w0 beam waist). Beam polarizations can be set on each beam by quarter wave
plates (QWs). The two beam foci are slightly displaced (approximately 5 µm) along the
beam propagation direction to increase axial trapping stability. Optically trapped SiNWs
are observed using a microscope, composed by a long working distance objective, tube lens
(focal length 200 mm), and CCD camera. 10% of the left-hand beam (LB) intensity is
reflected by a (10:90) non-polarizing beamsplitter. In order to track SiNWs positions, the
back-focal plane of the right aspheric lens is imaged on a quadrant photodiode (QPD) using
a telescope.
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fluoride (HF). A bulk silicon substrate n-doped (1.5 Ω cm) and (100)-oriented is immersed

in an aqueous solution containing 0.02 M of AgNO3 as metal precursor and 5 M of HF as

etching agent. Here the silver salts dissociate, thus realizing a precipitation of silver nanopar-

ticles that randomly distribute on the silicon surface. Locally, just underneath the region

covered by metal nanoparticles, silicon oxide is formed that is subsequently removed by HF.

As a consequence, silver nanoparticles sink into the silicon bulk, leading to the formation

of SiNWs. The presence of silver contamination is effectively removed from SiNWs with

a proper chemical etching that can either use nitric acid87,88 or ammonium hydroxide.86

To fully remove silver residues from our SiNWs, we soaked the sample for 10 minutes in

nitric acid (90%) and cross-verified the absence of silver onto the SiNWs by both Ruther-

ford backscattering spectrometry (RBS) and Energy Dispersive X-ray spectroscopy (EDX)

analyses (see section 4 in the Supp. Info.). RBS is performed by using a source of He+ ion

accelerated with an HVEE singletron at the energy of 2 MeV and deflected onto a home-

made scattering chamber where the backscattered ions were collected and analyzed by a

multichannel analyzer for the spectra acquisition. EDX is carried out onto HNO3 etched

SiNWs by means of a ZEISS scanning electron microscope equipped with an Oxford module

for EDX. Cross sectional images of the SiNWs array are obtained by using a field emission

scanning electron microscope (SEM) Zeiss Supra 25 (Fig. 1a), showing that SiNWs formed

are approximately 6 µm long. The diameter of the samples is obtained from transmission

electron microscopy (TEM) analysis that is realized by a FEI Tecnai 12 electron microscope

obtaining a diameter distribution (see Supporting Information) that yields an average value

of D = 78 nm with a standard deviation of 16 nm.

The experimental setup74 we use for optical trapping is sketched in Fig. 1c. We use

an infrared laser source (IPG, YLM-10-1064-LP-SP) with a vacuum wavelength of 1064 nm.

Two horizontally counter-propagating laser beams are generated by a holographic mask im-

printed onto a single spatial light modulator (SLM) and transferred by relay optics. The

SLM enables us to alter the waists of the two beams independently in a range 1.8-3.8 µm
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(Rayleigh range within 8-45 µm) and control the total power at the sample during the exper-

iments in a range of 25-80 mW. This corresponds to an irradiance of about 0.1-1.6 MW/cm2,

with the largest irradiance corresponding to the smallest waist size (1.8 µm). The two beam

foci are slightly displaced (approximately 5 µm) along the beam propagation direction to

increase axial trapping stability. Their respective polarization states are controlled with half

and quarter waveplates. The propagation direction is parallel to the z-axis, linearly polarized

waves are polarized in the x (vertical polarization) or y (horizontal polarization) direction,

while for circularly polarized beams, the electric field vector rotates in the x-y plane. Where

circularly polarized beams are used, the counterpropagating beams have opposite handed-

ness so that the electric field vectors rotate in the same sense. Optical trapping experiments

are conducted in water. The first step is to scratch the SiNWs from the substrate. This

breakage can cause occasional shortening of the SiNWs’ length. As described below, the

resulting variation in the length of the nanowires allowed us to observe a greater range of

behaviour in our optical traps. Thus, the scratched SiNWs are dispersed in deionized water

with the aid of sodium dodecyl sulfate (SDS) surfactant inside a glass squared capillary

(Vitrocell) with an inner size of 50µm. The capillary is inserted into the optical field of fo-

cused, counter-propagating laser beams. The imaging and dynamics of the trapped SiNWs

are observed by a CCD camera (Basler Ac640-750) from a direction (y) perpendicular to

the propagation z-axis. Additionally a quadrant photodiode (Thorlabs PDQ80A) is aligned

to collect the back focal plane interferometry and tracking signals from the trapping region

enabling a complementary analysis89 of Brownian motion, optical forces, and rotational dy-

namics of the trapped samples. Despite the fact that absorption of water at our trapping

wavelength might induce thermal fluid flow, this phenomenon is highly suppressed by the

use of the thin capillary.74 Native silicon is also a low absorber in the near infrared, but at

our irradiance some small temperature effects might be expected.90,91 However, the coun-

terpropagating configuration and a waist wider than typical single-beam optical tweezers

ensure temperature effects smaller than a couple of degrees,91 as well as isotropic heating

6



with consequent limited influence of thermophoretic flow along the SiNWs’ axial direction.

Accurate calculations and modelling are performed under isothermal conditions using

the approach described in Simpson et al.,31 and in the Supporting Information, which also

includes a comprehensive stability analysis for single nanowires in counter-propagating beams

as well as analysis of optical binding effects. In particular, the behaviour of the particles in

the counter-propagating beam traps is determined by the interplay of coupled, optical and

hydrodynamic forces acting on the nanowires. To capture these effects in the model, each

nanowire is represented by an array of small beads, or cells, which act as the loci for both

hydrodynamic and optical disturbances. The beads from different nanowires are coupled

through interaction tensors, the dipole interaction tensor92 for the optical regime, and the

Rotne-Prager tensor for hydrodynamics. Solution of the resulting many-body problem allows

us to evaluate the influence of each bead and, subsequently, the optical force and viscous

drag with which they are each associated. By summing these effects in an appropriate way,

we compute the optical forces and torques on each nanowire as well as the translational and

rotational viscous drag. In this way, the model nanowires act as continuous, rigid bodies

with realistic, fully coupled, optical and hydrodynamic interactions. As the lattice of beads

used to represent the nanowires is refined, the calculation converges on continuum results.

Finally, evaluating the hydrodynamic and optical forces allows us to integrate the Langevin

equation for the system, including thermal fluctuations.

Parallel and crossed linear polarization. In the absence of gradient forces, nanowires

tend to align with the electric polarization.93 Instead, in a tightly focused single beam

trap, SiNWs tend to align with the beam axis,26,94,95 unless they are so short that they do

not protrude beyond the diffraction limited beam size,94 that for a wavelength of 1064 nm

corresponds to SiNWs shorter than about ∼ 0.4µm. However, in our counter-propagating

beam traps, the beam waist is relatively wide (1.8-3.8 µm) and the nanowires can adopt

a variety of orientations because of the interplay between these polarization and gradient

intensity aligning torques.
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Figure 2: Optical trapping and manipulation of SiNWs in parallel (PLP) and crossed (XLP)
linear polarization of counter-propagating beams. In (a) we sketch the different orientations
of a trapped SiNW in PLP configuration and as observed in (b): parallel (left), perpendicular
(middle), or tilted (right) with respect to the beams propagation axis. In (c) the polarization
of both beams is rotated from vertical to horizontal (see Movie 1). As a consequence the
alignment of a trapped SiNW is unchanged for parallel orientation (left), while is rotated
for the case of perpendicular or tilted orientation with respect to the beam axis due to
the polarization optical torque controlling these orientation. Scale bars correspond to 5
µm. In (d), when the configuration is switched from PLP to XLP, the orientation of the
SiNW with respect to the beam propagation axis is switched from perpendicular to parallel.
The trap parameters are set to a beam waist of w0 = 1.8µm, and a total power at the
sample of about 80 mW. (e) Calculated field intensity for PLP configuration showing the
standing wave interference pattern along the propagation direction (left) and the transverse
Gaussian intensity profile (right). (f) Calculations of the axial optical force, Fz, for SiNWs
trapped and oriented along the polarization axis x, showing that trapping points correspond
to the standing wave intensity maxima. (g) Calculations of optical torque component, Ty,
for varying θy, the angle that the nanowire makes with the polarization direction (x-axis).
Equilibrium orientations occur when Ty = 0 and dTy/dθy < 0. There are two obvious
orientational equilibria. The first, θy = 0, in which the SiNW aligns with the polarization
direction, has a narrow angular range (about ±12 degrees). The second, θy = π/2, in which
the nanowires align with the beam axis, is available to longer SiNWs and has a much wider
angular range (about ±45 degrees for 6 µm SiNWs). The graph also shows a number of
oblique equilibria, dependent on the length of the wire.
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In the case of counter-propagating beams having parallel linear polarization (PLP), a

standing wave is formed with a series of high intensity fringes distributed along the beam

z-axis (see fig. 2 and Supporting Information S3.1) and parallel to the x-y plane. In this

geometry a competition between the polarization torque, transverse high intensity gradients,

and elongated high intensity structure of the counter-propagating beams occurs. In fact, as

shown in Fig. 2a-c, we observe a range of stable orientations for individual SiNWs in the

trap. For SiNWs with a length of several microns, the most stable orientation is observed

when they align with the beam z-axis, i.e., along the averaged high intensity profile of

the counter-propagating beams. This behaviour is reproduced theoretically in Figure 2

(g) and in the Supporting Information S3.1 and S3.3. As nanowires are rotated about

axes perpendicular to the beam axis (i.e., axes in the xy plane), they intercept varying

numbers of bright intensity fringes, generating series of tilted equilibrium configurations.

The equilibrium when the axis is parallel to the polarization (θy = 0) is the strongest, but

it has a low angular range (±12 degrees), i.e., if the wire orients outside this range, the

equilibrium is lost. The equilibrium when the wire is parallel to the z axis (θy = π/2) is

weaker in that the restoring torques are weaker, but it has a much wider angular range

(about 50 degrees for the 6 µm nanowire). For this reason, the equilibrium with the SiNW

axis parallel to the beam axis is the one that is most commonly observed. There are a series

of oblique equilibrium orientations, that depend on the length of the nanowire. For very

short nanowires, the only equilibrium occurs when the SiNW aligns with the polarization.

Stable orientations can also occur when long SiNWs align parallel to the polarization x-

direction or at an angle close to 45 deg in the x-z plane (Figs. 2a-b). We confirm this strong

influence of the polarization torque by rotating the beams polarization axis from x to y and

observing the consequent controlled tilt of the trapped SiNW (Figs. 2c) in radially symmetric

Gaussian beam and even in Gaussian beams with significant elliptical transverse beam profile

(with beam waists w0,x = 0.9µm and w0,y = 8µm). Stiffness coefficients for the SiNWs can

be estimated from the optical force density, under the Rayleigh-Gans approximation (see
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Supporting Information S3.1.2): the extreme aspect ratio of the wires means that the forces

on the wire are relatively insensitive to translations parallel to its axis, but vary rapidly with

displacements in orthogonal directions.26,95 Thus the stiffness coefficient in the x direction

(parallel to the wire and to the polarization) decreases exponentially with increasing wire

length (for a wire of length L, kx ∼ Le−L
2/2w2

0), whilst the stiffness in the y direction is

about three orders of magnitude greater, and approaches a constant value, with increasing

length. For example, a wire of length 6 µm gives kx/ky ≈ 1.3 × 10−3. Furthermore, the

angular stiffness for tilt around the y-axis (i.e., out of the standing wave high intensity

fringe) is about two orders of magnitude stronger than that for rotations around z axis (i.e.,

in the plane of the high intensity fringe). This is confirmed theoretically in Figure S3 of the

Supplementary Information, S3.1.1.

However, if the polarization of only one beam is adiabatically rotated, a SiNW originally

trapped in the transverse plane and oriented along the polarization axis rotates until the

polarizations of the beams are perpendicular (XLP). When this crossed polarization geometry

is reached, the SiNW orientation switches fast to a longitudinal orientation along the z-axis

(see Fig. 2d). This effect is caused by the disappearance of the intensity fringes, which no

longer confine the nanowire in the transverse plane. Under these circumstances the model

confirms that intensity gradient torques tend to dominate for long nanowires, so that they

align the nanowires along the beam axis (see Supplementary Information, S3.3). The model

reveals more complex behaviour for short nanowires, which prefer to align orthogonally

to the beam axis. In this configuration they are exposed to polarization states that vary

continuously along the beam axis, between circular polarization (producing rotation), to

oblique linear polarization (associated with alignment). These scenarios are described in the

Supporting Information, S3.3.

When more than one SiNW is held in the trap with PLP polarized beams, more complex

stable arrangements are observed influenced by optical binding (see Section S7 in the Supp.

Info.). SiNWs are trapped in close proximity and tend to orient parallel or perpendicularly to
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each other (Fig. S17a). In this case, the arrangement of several particles is given partially by

the influence of the standing wave. However, optical binding mediated by mutual scattering

between SiNWs is also occurring.76

In crossed polarized, XLP, beams the distance, d, between SiNWs can be controlled

with the beam waist, w0, similarly as for spherical objects19,75 (see Section S7 in the Supp.

Info.). In larger beam waists the SiNWs are localized far apart while for narrow beam waists

they tend to overlap in lateral direction and change their mutual orientation (Fig S17c). In

particular, we find that d is comparable to the Rayleigh range zR of the beams. When zR

becomes lower than the nanowire length, the particles arrange parallel to each other, creating

a bundle that, probably due to the increased thickness and/or possible asymmetry in the

shape, is expelled from the trap (see Movie 3).

The equilibrium configurations for single long nanowires are well reproduced by the theo-

retical model for both PLP and XLP beams (see Supporting Information S3.1, S3.3). Further

simulations show some of the interaction effects referred to above. In particular, forces on

nanowires appear to be strengthened by optical binding effects amongst pairs of nanowires,

resulting in enhanced stiffness coefficients and increasingly stable structures. This is de-

scribed in detail in the Supplementary Information S3.1.3 and S3.2.2.

Finally, we note that non-conservative cycling, as previously described,28,29,96 will be

present whenever an equilibrium configuration has sufficiently low symmetry to permit non-

symmetric coupling between different degrees of freedom. For example, a SiNW trapped in

a PLP configuration, aligned with the polarization and with its centre on the beam axis, will

be at equilibrium, because there is no possibility for asymmetric coupling between degrees of

freedom. However, if the symmetry is reduced, for example, if the SiNW has a taper,29 or a

bend,39 or if its centre is displaced from the beam axis, then we expect to see non-conservative

effects. Similarly, optically bound SiNW will show non-conservative cycling whenever they

find themselves in an equilibrium configuration with sufficiently low symmetry.31

Circular polarization. We realize a circular polarized counter-propagating trap by simply
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inserting a quarter waveplate in the path of each beam and set their fast axes to ±45

degrees with respect to the incident beam polarization. When the two counter-propagating

beams have opposite circular polarizations, σ+/σ− configuration, their superposition gives

a standing wave in which the electric field rotates around the beam propagation axis.21,31

As with the linearly polarized trap (PLP), the interference fringes support a variety of

equilibrium orientations. We observe SiNWs stably oriented both perpendicularly or along

the beam propagation direction. In the case of perpendicular orientation, spin angular

momentum31,93,97 is efficiently transferred from the circularly polarized light to the trapped

SiNWs (see Fig. 3(a)). This causes them to rotate continuously with a rotational frequency

dependent on SiNW length, the shorter the nanowire the higher the frequency of rotation.

Moreover, we observe that for a transverse orientation the SiNWs can rotate efficiently when

their fixed point corresponds to their centre or to one of their edges.

The rotational dynamics of the trapped particles is studied with both video microscopy21

and correlation function analysis of the QPD tracking signals.26,28,33,39,98 In particular, in

the latter case, we characterize the rotational motion of SiNWs by analyzing the transverse

(xy plane) differential cross-correlation functions,28,98 DCCFxy(τ) = CCFxy(τ)−CCFyx(τ),

where CCFxy = 〈Vx(t)Vy(t+τ)〉/
√
〈V 2

x (t)〉〈V 2
y (t)〉 represents the normalized cross-correlation

function between tracking signals along the x and y axes as a function of lag time, τ . Thus,

rotations about the z axis appear in the DCCFxy as a sinusoidal oscillation with frequency

related to the trapped particle rotational frequency.28,98 In Fig. 3(b) we show a typical

DCCFxy of a rotating nanowire with a length L ≈ 3 µm, together with the corresponding

tracking signal (Vx) shown in the inset. The DCCFxy data is fitted with a simple sinusoidal

function:28,98

DCCFxy = A sin(2Ωτ) (1)

where Ω is the rotational angular frequency of the nanowire with the factor 2 related to

the SiNW symmetry,39 and A is a constant related with a calibration factor. From the

fit of the DCCFxy corresponding to three different tracks, we obtain an average rotational
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Figure 3: Optical trapping and rotations of SiNWs in σ+/σ− circular polarization of counter-
propagating beams. (a) Image sequence, from Movie 4, of a nanowire with a length L ≈ 3
µm rotating with respect to the beam propagation axis. (b) Transverse differential cross-
correlation function, DCCFxy, obtained from the transverse QPD tracking signals (inset).
The fit (red line) with a sinusoidal function (Eq. 1) to the data gives account of the rotational
dynamics of the trapped SiNW. (c) Power spectrum analysis of the aspect ratio modulation
(inset) of the SiNW image obtained from video microscopy (see Supporting Information).
The frequency of the peak in the power spectrum is two times the rotational frequency of
the SiNW, and it is consistent with the rotational frequency obtained from DCCF analysis
of the QPD tracking. (d-e) Image sequences from Movie 5. Two SiNWs initially displaced
far from each other rotate independently. When they approach next to each other, their
rotation synchronizes and locks parallel orientation due to hydrodynamic interactions. (f)
Calculated spin density, σ = 2<(ExE

∗
y) (g) Calculated rotational torque, Tz, as a function of

SiNW length. (h) Optical torque, Tz on obliquely oriented nanowires, where θy is the angle
that the axis of the nanowire makes with the x axis. Note how these obliquely oriented
wires also experience a rotational torque about the beam axis which even reverses its sign
for θy > 0.25π.
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angular frequency Ω = 42 ± 1 rad/s, from which a rotational frequency is obtained as

frot = Ω/2π = 6.7± 0.2 Hz. This is consistent with the rotational frequency, frot ≈ 6.4 Hz,

that we obtain independently following a power spectral density (PSD) analysis, shown in

Fig. 3c, of the SiNW rotational dynamics obtained from video microscopy (see Supporting

Information). The rotational dynamics of the SiNW is a balance between the spinning

optical torque, Tz, and the viscous rotational drag torque related to the SiNW rotational

mobility (see Supporting Information), Γrot ≈ 104 (pNµm s)−1. Thus, by measuring the

rotational angular frequency we also get an estimate of the optical spinning torque, Tz =

Ω/Γrot ≈ 0.4 pNµm. It is worth noting that the observed rotational dynamics for our SiNWs

is slower than that observed for plasmonic nanoparticles.99,100 This is because our SiNWs

are not absorbing light and the transfer of spin angular momentum occurs because of the

anisotropic scattering related to the non-spherical shape.97 Furthermore, the analysis of the

autocorrelation functions (ACFs) has also proved useful to get information on the center-of-

mass fluctuations of non-spherical nanostructures in standard optical traps.11,26,33 In fact,

the exponential decay rates of ACFs, ωx, ωy, ωz, are related to translational fluctuations

that provide optical force stiffnesses through the knowledge of the anisotropic hydrodynamic

mobilities of the SiNWs (see Supporting Information). Thus, for the axial direction kz =

ωz/Γ⊥ is the trap stiffness corresponding to the tighter confinement, where Γ⊥ (≈ 114

µm pN−1 s−1 for our SiNW) is the transverse translational mobility.33 From the data we

obtain an axial relaxation rate of ωz = 331± 83 rad/s, from which the axial spring constant

kz ≈ 2.9 pN/µm is obtained. Instead, to estimate the radial force constant we can introduce

the radial relaxation frequency ωρ = (ωx + ωy)/2, by averaging the relaxation rate of the

corresponding transverse ACFs, Cxx and Cyy, and the radial mobility, Γρ = (Γ‖ + Γ⊥)/2

(≈ 142 µm pN−1 s−1 for our SiNW), by averaging the transverse and parallel mobilities (see

Supporting Information). These values allow the calculation of the radial spring constants

kρ ≈ 0.8 pN/µm, that is about 3.6 times smaller than the axial one, kz, consistently with

the standing wave intensity pattern.
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Optical binding is also observed in σ+/σ− configuration. In Fig. 3 (d-e), an image se-

quence is shown (Movie 5). Two spinning SiNWs rotate independently from each other if

they are placed far from each other. As they get closer, they achieve rotational synchroniza-

tion and orient parallel to each other during the synchronized rotation. A behaviour similar

to what is expected for pairs of SiNWs in counter-propagating σ+/σ− plane waves.31 SiNWs

alignment during rotational motion is due to both the optical binding between them and to

their hydrodynamic synchronization that appear to occur at a short range. In contrast, for

larger polystyrene micro-discs synchronization has been observed for larger distances and

perpendicular orientation was kept even for discs in contact.21,84 This shows that size and

shape of the trapped particles play a key role in their binding and hydrodynamic interactions

controlling the range and strength of synchronization and binding.

We also observed rotation of more than two SiNWs (see Movie 6). However in agree-

ment with theoretical results,31 rotation of many SiNWs is not synchronized even for large

rotational frequencies and for close proximity of the trapped particles. As a proof of the com-

plexity of these geometries, we also observed mixed configurations of periodically displaced

SiNWs aligned parallel and rotating SiNWs oriented perpendicular to the beam propagation

axis (see Movie 7). Finally, we verified that the rotation stops when the beam polarization

is switched from circular to linear (horizontal or vertical).

Most of the effects described above are faithfully reproduced by our models (Supporting

Information, S3.2), including the rotation and equilibrium orientations of single nanowires,

and the coupled rotations of pairs of SiNWs. The simulations show that rotational optical

binding effects serve to hold pairs of rotating wires in an approximately parallel configu-

ration. The pair of wires then rotate in synchrony, remaining parallel despite the diffusive

influence of thermal fluctuations. The strength of this optical interaction decreases with

increasing separation but is, nonetheless, of relatively long range. For instance, the rota-

tional interaction between 6µm long nanowires, remains significant for separations of 10 µm,

enabling synchronous motion at modest beam powers of ∼ 10 mW.

15



a)

b)

c)

d)

e)

g)

f)

Figure 4: Optical trapping and rotations of SiNWs in counter-propagating circularly polar-
ized Laguerre-Gaussian beams. The topological charge is l = ±1. In (a), the nanowire is
aligned parallel to the beam propagation axis. A clear orbital motion around the optical
vortex is observed (Movie 8). In (b), the nanowire is aligned perpendicularly to the beam
propagation axis and we observe orbiting combined with a reorientation of the SiNW (Movie
9) resulting from the transfer of both spin and orbital angular momentum of light. In (c)
and (d), the simultaneous spinning and orbiting of a shorter nanowire is observed (Movie
10). On the right part of the figure, the cross sections of the beam are shown with sketches
of the trapped nanowire. (e) Intensity field for the Laguerre-Gaussian beam in the yz plane
(f) Calculated restoring forces on a nanowire aligned with the beam axis and displaced in
the x direction. The plot shows a possible off-axis equilibrium position with the wire aligned
within the beam axis. (g) Restoring forces on a wire aligned with the x axis and displaced
along the y axis, showing another off-axis equilibrium orientation with the wire aligned nor-
mally to the beam axis. In both (e) and (g) these off-axis equilibria positions are related to
the doughnut shaped intensity profile in the xy plane of the Laguerre-Gaussian beams.
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Laguerre-Gaussian beams with linear and circular polarization. We extended our investi-

gation to include the transfer of orbital angular momentum (OAM) on the trapped SiNWs

from two counter-propagating Laguerre-Gaussian beams with topological charge was l = ±1.

The polarization state of the two beams are controlled independently as in the previous ex-

periments so that we can switch from linear to circular polarization by means of quarter

waveplates placed on the counter-propagating beams path. When we set circular polariza-

tion with opposite helicity, we observe again different stable orientations that depend on the

SiNW length. Figure 4a and Movie 8 show a SiNW bundle thicker than an individual one

stably oriented parallel to the beam propagation axis. A clear orbital motion off-centered

with respect to the beam axis resulting from the transfer of OAM from the beams to the wire

is observed both in linear and circular polarizations. However, when the SiNW gets shorter

the orientation is flipped and the SiNW lies in the transverse plane, i.e., perpendicularly to

the beam propagation. In this case, circular polarization of the beams results in an intrinsic

rotation about the SiNW symmetry axis superposed to an off-centered orbital motion of the

SiNW centre-of-mass. This combined influence of spin and OAM101 of light upon an object

is shown in Fig. 4b and Movie 9. In this case, spin and orbital rotations of the trapped

SiNW have about the same frequency of ∼ 0.1 Hz. This effect is more clearly demonstrated

in Fig. 4c and Movie 10 for a SiNW much shorter than the beam typical transverse size.

Here the spinning rotational frequency is about 4.5 Hz and the intrinsic spinning, of about

0.5 Hz, is better separated from the orbiting rotational motion resulting in a clear separation

in the image sequence extracted from the movie acquired with the camera.

Once again, this rich controlled phenomenology is well replicated by our models (Sup-

porting Information S3.4). As with the experiment, SiNWs can orient themselves parallel

or perpendicular to the beam axis. Gradient forces cause the centre of mass of the SiNW

to trap off axis, while orbital angular momentum causes the wire to precess about the beam

axis. In addition, short SiNWs can strongly interact both with the spin angular momen-

tum, which causes them to rotate about their own centres, and the orbital momentum of
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the beam, which their centres to rotate about the beam axis. Movies of the simulations are

provided as Supporting Information.

In conclusion, we described a systematic investigation of behaviors of single or multiple

SiNWs trapped in counter-propagating Gaussian or Laguerre-Gaussian beams with different

polarization properties. We demonstrated that single SiNWs with length in the range of

several microns, i.e., longer than the typical beam transverse size, prefer a stable orientation

along the propagation axis for all polarization states. On the other hand, shorter SiNWs

arrange preferentially along the transverse polarization axis. This interplay between the

torque exerted by the high intensity gradients and the polarization torque is controlled by

the particle length. When multiple SiNWs self-arrange along the beam axis, their mutual

distance can be tuned with the width of the beams’ waists. In circularly polarized beams,

spin angular momentum is transferred to the trapped SiNWs oriented perpendicularly to the

beam propagation resulting in light-driven nano-rotors. Finally, SiNWs confined in counter-

propagating Laguerre-Gaussian beams with opposite topological charge tend to orbit around

the beam axis and for circularly polarized beams they also spin about their symmetry axis

demonstrating how shape can couple spin and orbital angular momentum of light. The

negligible absorption in the infrared by our native SiNWs can represent an intriguing aspect

for their optical manipulation in biological environments, where large heating effects might

be detrimental. On the other hand, recent experiments have also shown great potential for

photodynamic therapy applications,86 as optically trapped SiNWs can photosensitize singlet-

oxygen, as well as photothermal therapy91 when ion-implanted to increase photothermal

heating. As far as optical trapping and binding is concerned, the difference between spheres

and nanowires is associated with orientation, especially regarding polarization effects and

rotational coupling between multiple objects. On the other hand, there is no fundamental

difference between nanowires and spheroids (nanowires are very high aspect ratio spheroids).

What differences there are depend, therefore, on the magnitude of the aspect ratio. The most

significant qualitative difference is seen in rotational synchronization: micron sized spheroids

18



synchronize with their symmetry axes at right angles, nanowires synchronize with their

axes parallel. This rich scenario has been elucidated also by means of accurate theoretical

calculations of the optical and hydrodynamic interactions. We find that the extended shape

of the nanowires increases the variety of configurations and dynamical processes that can be

optically excited and controlled over the large capture range of counter-propagating optical

traps.

Supporting Information. Forces and torques on high aspect nanowires, numerical model,

counter propagating beams, silicon nanowire preparation and characterization, silicon nanowire

hydrodynamic coefficients, video microscopy, optical binding of nanowires in linearly polar-

ized beams, movie captions, additional references.
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(50) Zemánek, P.; Jonáš, A.; Lǐska, M. Simplified description of optical forces acting on a

nanoparticle in the Gaussian standing wave. J. Opt. Soc. Am. A 2002, 19, 1025–1034.
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behavior of two optically bound microparticles in a standing wave. Opt. Express 2011,

19, 19613–19626.

27



(77) Demergis, V.; Florin, E.-L. Ultrastrong Optical Binding of Metallic Nanoparticles.

Nano Lett. 2012, 12, 5756–5760.

(78) Yan, Z.; Gray, S. K.; Scherer, N. F. Potential energy surfaces and reaction pathways

for light-mediated self-organization of metal nanoparticle clusters. Nature Communi-

cations 2014, 5, 3751.
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