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We report on the soliton-mediated orientational ordering
of gold nanorods in a colloidal plasmonic suspension.
Due to the nonlinear optical response of the suspension,
a light beam forms an optical spatial soliton which creates
an effective optical waveguide. The orientation of the nano-
rods along the waveguide is regulated by the optical torque
exerted by the linearly polarized soliton beam. By measur-
ing the polarization transmission spectrum of a probe beam
at a wavelength far from the plasmonic resonance, we ob-
serve orientation-enhanced birefringence along the soliton
channel, suggesting a disorder-to-order transition of nano-
rods due to the action of the soliton beam. This approach
may be applied in other colloidal systems with optical force-
induced nonlinearity. © 2017 Optical Society of America

OCIS codes: (190.6135) Spatial solitons; (250.5403) Plasmonics;

(160.4330) Nonlinear optical materials; (190.3970) Microparticle
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Metallic nanoparticles have widespread applications due to the
tunability of their optical, plasmonic, and photothermal prop-
erties [1–3]. The plasmonic resonance of the nanorods can be
controlled by tuning their size and shape, resulting in different
responses to light frequency, polarization, and momentum
[2,4]. In optical trapping experiments, it has been demon-
strated that an optical beam with angular momentum can
rotate either birefringent or absorbing particles [5–7], and that
an optical wrench produced by circularly polarized light can
allow for the detection of the torque on a DNA tethered to
the birefringent particle [6]. Even a linearly polarized beam
is sufficient to optically align anisotropic particles due to the
anisotropic polarizability [5]. In particular, both the optical
trapping and the fluorescence correlation spectroscopy experi-
ments have revealed that a single plasmonic nanorod trapped
with a near-infrared (IR) laser tends to reconfigure itself
to orient with the light polarization [8–10], apart from other
experiments such as polarization-dependent white-light

transmission spectrum [11]. A theoretical study with the
Maxwell tensors also revealed that elongated gold nanorods tend
to align themselves with the long axis parallel to the beam polari-
zation when the wavelength of light is greater than that of
the longitudinal surface plasmon resonance (LSPR) [12], but
perpendicular to the polarization when the wavelength is smaller
than that of the LSPR [12–14]. This orientation effect, originating
from the optically induced torque, could bring about phase change
and optical anisotropy for the nanorod ensembles [9,11,15,16].

Our previous studies have demonstrated that even an off-
resonant laser beam could create a soliton channel in gold nano-
rod suspensions, thanks to the strong self-focusing nonlinearity
originated from optical forces [4,17]. In this Letter, we dem-
onstrate optical soliton-induced orientational ordering of nano-
rods in the gold nanoparticle suspensions. By sending a probe
beam with varying linear polarization into the soliton channel,
we measure the polarization transmission spectrum and com-
pare with the cases when there is no soliton beam, or the soliton
beam is circularly polarized. The polarization-dependent
modulation in transmitted power, observed only when the
soliton beam is linearly polarized, is attributed to birefringent
absorption (difference in the imaginary part of the refractive
index) as a result of soliton-induced reorientation of gold nano-
rods). Similar experiments with gold nanosphere suspensions
led to soliton formation, but not the enhanced birefringence.
The observed phenomenon is fundamentally different from
those due to optically induced thermal effects or nonlinear
effects in polymers and liquid crystals [18–20].

The physical picture for soliton-mediated orientational order-
ing is illustrated in Figs. 1(a) and 1(b). Naturally, the nanorod
suspension is isotropic at room temperature, which implies that
the nanorods are randomly oriented. Once the plasmonic soliton
is established, the nanorods experience an optical potential and,
thus, reorient with respect to the polarization of the soliton
beam, and the rotational degree of freedom is highly suppressed.
This configuration is triggered by the soliton-mediated optical
torque on the nanorods. A rod can be modeled as a prolate sphe-
roid with a long semi-axis a and two identical short semi-axes b
(a > b). The prolate rod is polarized by an electromagnetic field,
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with the frequency-dependent polarizabilities parallel (along long
axis) and perpendicular (along short axis) to the polarization de-
scribed by [11,21]

α‖;⊥ � 4πab2ϵm
ϵ1 − ϵm

3ϵm � 3L‖;⊥�ϵ1 − ϵm�
; (1)

where ϵ1 and ϵm are the frequency-dependent complex dielectric
constants of gold and the surrounding medium. The geometrical
structure factor along the longitudinal mode direction is

L‖ �
1 − e2

e2

�
−1� 1

2e
ln
1� e
1 − e

�
; (2)

where the eccentricity e is defined as e2 � 1 − b2∕a2. The geo-
metric factor along the short axis is L⊥ � �1 − L‖�∕2. For sim-
plicity, let us assume that the rod is initially aligned in the
transverse plane [Fig. 1(d)]. Naturally, the orientations of nano-
rods in the suspension are random, resulting in an isotropic phase
and, thus, the ensemble average of the orientation angle hβi � 0,
where β represents the angle of the director (long axis) with respect
to the polarization direction of the soliton beam. From Eq. (1)
and theoretical calculation [4], it can be determined that the polar-
izability of gold nanorods at 532 nm wavelength is negative along
the long axis, but positive along the short axis [Fig. 1(c)]. Thus,
those rods with the long axis aligned in parallel with the beam
polarization will be repelled, while those with the long axis
perpendicular to the beam polarization will be attracted by the
soliton beam [22,23]. For those rods that are initially oriented

in other arbitrary directions, the optical torque will rotate them
so their long axes can be aligned to the perpendicular direction.

In theory, the misalignment between the induced dipole mo-
ment of a nanorod P and the optical field E results in a torque
τ � P × E , which is proportional to the polarizability difference
Δα � α‖ − α⊥ in the Rayleigh particle regime [24]. The rota-
tional motion of the nanorod is typically described by the
Langevin equation [24], I d 2β

d t2 � N sin2 β − γ dβ
d t , where I is

the nanorod moment of inertia, β is the orientation angle,
as defined before, N � −ΔαE2∕4 is the time-averaged torque
amplitude, and γ is the angular drag coefficient from the
Stokes law for rotation in a viscous medium. Clearly, in the wave-
guide channel induced by the soliton beam, the torque exerted
by the soliton beam depends on the local intensity (as E2 is the
squared magnitude of the optical field). Results from our calcu-
lation of the torque are presented below.

We examine orientational ordering and associated optical bi-
refringence by measuring the transmission of a probe beam with
varying linear polarization through the soliton-induced wave-
guide channel. The optical property of the nanorods within
the waveguide can be expressed as a refractive index ellipsoid ana-
log to the birefringent crystal, with nx and ny being the two com-
plex refractive indices along the principal axes [Fig. 1(e)]. In
combination with the Malus law, the output power of the lin-
early polarized components of the probe beam along the princi-
pal axes can be written as

Px � P in cos
2�θ� exp�−2Im�nx�Lopt�; (3)

Py � P in sin
2�θ� exp�−2Im�ny�Lopt�; (4)

where Lopt � 2πL∕λ is phase that the light accumulates when
passing through the cuvette (length L) without the medium.
Im stands for the imaginary part. The total output power is
Ps � Px � Py; thus, the transmission spectrum T �θ� �
Ps∕Pin will be simplified as

T � exp�−2Im�nx�Lopt�
� sin2�θ��exp�−2Im�ny�Lopt� − exp�−2Im�nx�Lopt��: (5)

Since the absorption of water is unlikely orientation depen-
dent, in the transmission spectra, the global absorbance of water
is neglected as we focus on distinguishing between optically in-
duced nematic and isotropic phases of nanorods. The introduc-
tion of the soliton beam apparently enhances the optical
transparency as shown in our transmission measurement. More
interestingly, the refractive index experienced by the probe beam
in the soliton-induced waveguide channel exhibits birefringence,
producing polarization-dependent transmission of light according
to Eq. (5). A modulation depth, η � exp�−2Im�ny�Lopt�−
exp�−2Im�nx�Lopt�, can be used to distinguish different phases.
If no birefringence exists as in the isotropic phase, there will be no
polarization-dependent modulation in the transmission measure-
ment. (Recall that such a modulation vanishes in birefringent
crystals for which there is no appreciable imaginary index.)

Our experimental setup is shown in Fig. 2(a). The gold
nanorods used in our experiments have an average diameter
of 50 nm and a length of 100 nm, which corresponds to a
transverse surface plasmonic resonance (TSPR) at 520 nm,
but an LSPR at 600 nm. A linearly polarized green soliton-
forming beam at wavelength 532 nm (blue-detuned with re-
spect to the LSPR) is focused to around 20 μm (FWHM)
at the entrance surface of the suspension in a 40 mm long

Fig. 1. (a) Gold nanorods naturally assume random orientations in
the aqueous solution (isotropic phase). (b) Soliton beam rotates nanorods
and aligns their long axes toward the direction perpendicular to the laser
polarization (nematic phase) due to optical torque from the soliton beam.
(c) Parallel and perpendicular polarizabilities of a single nanorod as a func-
tion of the laser wavelength, showing opposite polarizabilities at 532 nm
(marked by left dashed line). The right dashed line marks the probe beam
wavelength at 1064 nm. (d) Schematic of the rod orientation with β
being the angle between the long axis of the nanorod and the polarization
of the soliton beam (the x-axis). (e) Illustration of refractive indices in the
orthogonal directions due to induced optical anisotropy. The dashed line
shows the polarization direction (angle θ) of the incident probe beam.
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cuvette by an achromatic lens with an 80 mm focal length. The
output spatial transverse patterns are monitored by another
achromatic lens (f � 200 mm), together with a CCD camera.
At low input power, the green beam undergoes linear diffrac-
tion to a beam size of 1.4 mm, but as the power is increased to
only 100 mW, a needle-like soliton channel is formed as seen
from the side view image shown in Fig. 2(b). The zoom-in out-
put pattern of the soliton beam shows a much reduced beam
size [Fig. 2(c)]. These soliton results agree with our previous
observations [17] but, in what follows, we focus on the orienta-
tional ordering effect induced by optical torques.

To measure the polarization transmission spectrum in order
to facilitate the detection of the soliton-mediated phase transi-
tion described above, an IR probe beam (1064 nm) is launched
into the soliton waveguide created by the 532 nm beam [17].
The IR beam is prepared to be circularly polarized, but then
passes through a rotary polarizer, which allows the probe beam
to have nearly constant power when its polarization direction is
varied. The IR probe beam is set at a fairly low power
(∼10 mW), so it does not have any nonlinear self-action in
the nanorod suspension. Typical guided output patterns of
the weak IR beam with different polarization directions are
shown in the bottom panels of Fig. 2, where Fig. 2(d) shows
the natural linear diffraction of the probe beam when the sol-
iton beam is absent, and Figs. 2(e)–2(h) show the guided out-
put patterns when the soliton beam is turned on. The probe
beam with different polarization orientations (0°, 30°, 60°,
and 90°) is always guided in the soliton channel, as it experi-
ences a higher refractive index along the soliton channel. The
controlled polarization orientation facilitates the detection of
the birefringence due to isotropic to nematic phase transition.

This is done simply by measuring the transmitted power with a
power meter placed in the output beam path after the green
soliton beam is blocked by a notch filter.

Figure 3 shows the typical measured polarization transmission
spectrum. For these results, the input power for both the soliton
beam and the probe is fixed, and the only variable is the input
polarization of the probe beam. The transmission (normalized to
input power) is strongly modulated when the soliton beam is on,
but remains fairly flat when the soliton beam is off. These results
are in agreement with the prediction from Eq. (5). If we vary the
input power of the soliton beam, the modulation depth becomes
appreciable only when strong nonlinear self-trapping is achieved
at high power levels around 100 mW, indicating that orienta-
tional ordering and resulting birefringence arise from the action
of the soliton beam. For direct comparison, we also plot in Fig. 3
results obtained from gold nanosphere suspensions. The mea-
sured data points are fitted with the same sinusoidal model
for both the on and off cases of the soliton beam, and it is found
that the amplitude of modulation increased about 10 times from
the off-to-on transition for the nanorods but, for nanospheres,
the modulation (mainly due to experimental noise) kept in the
level, since nx and ny are the same for nanospheres.

To have a quantitative understanding of the alignment proc-
ess of nanorods under the action of a laser beam, we perform
finite element calculations of the force and torque acting on a
single nanorod. Shown in Fig. 4(a) is the torque exerted on a
nanorod placed at the focus of the laser beam as a function of the
orientation angle β, as defined in Fig. 1(b). The torque along the
z-direction is much larger than that in the transverse directions,
and changes its direction from counter-clockwise to clockwise
when β increases over 90°. This clearly indicates that a nanorod
tends to align its long axis perpendicular to the soliton beam
polarization. Our calculations show that this alignment process
still occurs when the nanorod is placed away from the beam
focus along the lateral direction [Figs. 4(b) and 4(c)].
Experimentally, we also estimated the real part of the birefrin-
gence by sending a 45° linearly polarized beam into the nanorod
suspension and measuring the output power after a polarization

Fig. 2. (a) Schematic diagram of the experimental setup for soliton-
mediated phase transition. The soliton-forming beam (532 nm) is colli-
mated to 5 mm in diameter and then focused by an achromatic lens
(Ach1) onto the input facet of the cuvette containing nanosuspension.
A probe beam (1064 nm) at low power is sent through a dichroic mirror
(DM), propagating collinearly with the green beam, and its polarization
is regulated by a quarter-waveplate and a polarizer. The output intensity
patterns of the IR beam are taken by a CCD camera, together with
another achromatic lens (Ach2) and a notch filter (NF). (b), (c) Side
view image of the green soliton beam and its zoom-in self-trapped trans-
verse pattern. (d)–(h) Linear diffraction (d) and guided output of the
probe beam (e–h) with its polarization angle θ at 0°, 30°, 60° and 90°.

Fig. 3. Polarization transmission spectrum of the probe beam mea-
sured when the soliton beam is turned on (blue squares) and off (red
dots) in a gold nanorod suspension, indicating orientational ordering
from isotropic phase to nematic phase by the action of the soliton beam.
The spectrum from a gold nanosphere suspension shows no appreciable
modulation even with the soliton beam on (magenta diamonds).
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analyzer. The measured phase shift between two orthogonal
polarization components is about 1°, indicating the birefringence
in nanorod suspensions is quite small.

To see if this alignment process is affected by the polarization
of the soliton beam, we perform similar polarization transmission
measurement in the soliton-induced waveguide, but with the sol-
iton beam being circularly polarized. Figures 5(a) and 5(b) show
the output transverse intensity patterns of linear diffraction and
soliton formation of the circularly polarized green beam. As

shown in Figs. 5(c) and 5(d), the IR probe beam is also guided
by the soliton-induced waveguide channel. The measured polari-
zation spectrum is shown in Fig. 5(e), which displays no appre-
ciable difference between the cases when the soliton beam is on
and off. This suggests that the circularly polarized soliton beam
does not induce orientational ordering of the nanorods.

In conclusion, we have demonstrated soliton-mediated orienta-
tional ordering and birefringence in nonlinear gold nanorod sus-
pensions. The orientation of the nanorods is disordered in a natural
suspension, as driven by Brownian motion. Within the soliton-
induced waveguide channel, however, the rotational fluctuation
of the rods is suppressed, and the rods are aligned due to the optical
torque resulting from the soliton beam. The concept of soliton-
mediated ordering may be applied in other nonlinear colloidal
and optofluidic systems, and may find applications in manipula-
tion of light-matter interaction through plasmonic coupling.
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Fig. 4. (a) Calculated torque exerted by the soliton beam on a single
gold nanorod at the beam center with different orientations. Note that
torques in the x and y directions are magnified by a factor of 1000 for
easy comparison. (b) Schematic of the position and orientation of a sin-
gle nanorod located off the beam center and (c) the torque exerted on the
nanorod as a function of the displacement x normalized by the beam
waist ω from the beam center (the orientation of the rod is fixed). The
torques along the x and y directions are magnified by a factor of 10.

Fig. 5. Transverse output intensity patterns of a circularly polarized
green beam showing (a) linear diffraction at low power and (b) nonlinear
self-trapping at high power. (c), (d) Corresponding output patterns of
the IR probe beam when the soliton beam is off and on, respectively.
(e) Polarization transmission spectra show no significant difference when
the soliton beam is turned on or off provided it is circularly polarized.
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