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We experimentally demonstrate self-trapping of light, as a result of plasmonic resonant optical nonlinearity,
in both aqueous and organic (toluene) suspensions of gold nanorods. The threshold power for soliton formation
is greatly reduced in toluene as opposed to aqueous suspensions. It is well known that the optical gradient forces
are optimized at off-resonance wavelengths at which suspended particles typically exhibit a strong positive
(or negative) polarizability. However, surprisingly, as we tune the wavelength of the optical beam from a con-
tinuous-wave (CW) laser, we find that the threshold power is reduced by more than threefold at the plasmonic
resonance frequency. By analyzing the optical forces and torque acting on the nanorods, we show theoretically
that it is possible to align the nanorods inside a soliton waveguide channel into orthogonal orientations by using
merely two different laser wavelengths. We perform a series of experiments to examine the transmission of the
soliton-forming beam itself, as well as the polarization transmission spectrum of a low-power probe beam guided
along the soliton channel. It is found that the expected synthetic anisotropic properties are too subtle to be clearly
observed, in large part due to Brownian motion of the solvent molecules and a limited ordering region where the
optical field from the self-trapped beam is strong enough to overcome thermodynamic fluctuations. The ability to
achieve tunable nonlinearity and nanorod orientations in colloidal nanosuspensions with low-power CW laser
beams may lead to interesting applications in all-optical switching and transparent display technologies. © 2018
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1. INTRODUCTION

The study of optical nonlinearities in plasmonic nanostructures
and nanocomposites has attracted much attention in recent
years [1–5]. As a result of strongly enhanced fields with sub-
wavelength confinement and high sensitivity to the environ-
ment, plasmonic nanostructures exhibit unique nonlinear
optical phenomena with potential applications in all-optical
switching and modulation [6] and sensing [7]. Among the plas-
monic nanocomposite systems studied, colloidal suspensions of
plasmonic nanoparticles are particularly interesting due to the
possibility of manipulating these systems by mechanical, elec-
trical, and optical methods. Previously, third-order optical non-
linearities in colloidal suspensions of gold nanoparticles of
different shapes have been studied [8,9]. Self-focusing of a
532 nm laser beam and optical soliton has been demonstrated
in plasmonic nanosuspensions of gold nanoparticles and core–
shell particles [10]. Furthermore, the propagating self-trapped
laser beam forms a soliton channel, a self-induced waveguide,

and the guidance of a low-intensity probe beam inside such a
channel has also been observed [11,12].

In addition to optical nonlinearity, it may be possible to
align gold nanorods using optical fields as suggested theoreti-
cally [13,14]. The collective alignment of a large quantity of
gold nanorods in a liquid environment may lead to macroscopic
anisotropic optical response and can find applications in infor-
mation processing and display technologies. While ordering of
an ensemble of rods has been demonstrated with techniques
including applying electric fields [15–20], self-assembly based
fabrication [21–23], the stretched-film method [24–26], and
the electrospinning technique [27,28], so far only manipula-
tion of individual plasmonic nanorods was demonstrated exper-
imentally with optical traps [29–34]. Recently, we attempted
to achieve orientational ordering of gold nanorods inside an
optical soliton channel established by pumping a colloidal sus-
pension of gold nanorods with a 532 nm laser beam [35]. In the
study, transmission as a function of the polarization direction
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of a linearly polarized low-intensity 1064 nm probe beam was
measured, providing indirect evidence for the presence of nano-
rod ordering in the system. However, the input power of the
probe beam was not fixed for different polarizations, which may
complicate the interpretation of the experimental results.
Furthermore, control of nanorod alignment via plasmonic res-
onant tuning remains elusive.

In this work, we study optical nonlinearity in suspensions
of gold nanorods and explore the effect of the solvent environ-
ment (aqueous versus organic) on soliton formation. Toluene is
chosen as the organic solvent here, motivated by previous re-
ports of obtaining good alignment of gold nanorods in toluene
by applying an electrical field [18,19]. The threshold power for
soliton formation for both suspensions is measured as a func-
tion of wavelength. We then analyze the optical forces exerted
on the nanorods and discuss their role in the formation of sol-
itons. By analyzing the optical torque acting on the nanorods
and associated rotational potential energy, we show theoreti-
cally that it is possible to align the nanorods inside a soliton
channel, leading to wavelength-dependent orientations. Finally,
we perform polarization transmission measurements of a low-
power probe beam (at 1064 nm) guided along the soliton chan-
nel to obtain information about soliton-mediated anisotropic
optical properties of the colloidal suspensions.

2. EXPERIMENTAL SETUP

In a typical experiment, a cuvette with 5 mL of the nanorod
solution (Nanopartz, Part #A12-50-800 for aqueous suspen-
sion and #E12-50-800-NPO-TOL for toluene suspension)
is used in the optical path, as shown in Fig. 1. A continu-
ous-wave (CW) laser beam of tunable wavelength is focused
into the sample, driving the nanorods to form a soliton channel,
and will be referred as the pump (soliton-forming) beam in this
study. The input power of the pump beam can be varied from
0 to 1000 mW by a half-wave plate mounted on a step motor.
The profile of the soliton beam is recorded with a CCD camera
at the input and at the output when the beam exits from the
sample. The power transmission of the soliton beam is mea-
sured for a range of wavelengths by recording both the input

and output power. To measure the optical anisotropy of the
soliton channel, a 1064 nm probe beam from a CW laser with
a fixed power for different polarizations, which can be tuned
by a polarizer placed before the dichroic mirror, is then guided
through the soliton channel. Since the probe beam has a very
low power and is at a wavelength that does not favor the non-
linear self-action of the beam, it will not interfere with the for-
mation of a soliton by the pump beam. The power of the
output probe beam after the sample is then measured with the
use of a long-pass filter to remove the pump beam and a pinhole
to exclude the probe beam that is outside the soliton channel.
The formation of the soliton beam and the guidance of the
probe beam along the soliton channel are also verified by re-
cording their side-view images, as shown in the inset of Fig. 1.

3. RESULTS AND DISCUSSION

A. Solvent-Dependent Nonlinear Response
By sending a focused, linearly polarized 740 nm pump beam
at varying input powers into a 1.25-cm-long cuvette of gold
nanorods (average diameter 50 nm, average length 145 nm)
suspended in water or toluene, we compare the nonlinear ef-
fects of gold nanorods in two different suspensions. The optical
densities of the samples are matched by diluting the toluene
solution (Part #E12-50-800-NPO-TOL) obtained from
Nanopartz to the same as the aqueous solution (Part #A12-
50-800). For both cases, when an input beam at 10 mW is
applied [see Figs. 2(a) and 2(e)], an output beam exhibiting
linear diffraction is observed [see Figs. 2(b) and 2(f )]. For the
aqueous plasmonic solution, linear diffraction of the beam
dominates for input pump power up to 50 mW. At an input
pump power of 157 mW, nonlinear focusing starts to have an
effect and the output beam size starts to decrease [see Fig. 2(c)]
compared to the beam sizes at lower pump powers. The output
beam size is further reduced with increasing pump power, and
nonlinear self-trapping is observed at a pump power of 620 mW
[see Fig. 2(d)], indicating the formation of a soliton beam. In the
case of the toluene solution, nonlinear focusing starts to have an
effect on the output beam profile for a pump power as low as
50 mW [see Fig. 2(g)]. However, at an input power of 157 mW,

Fig. 1. Schematic of the experimental setup. A linearly polarized 1064 nm probe beam is sent through a soliton channel created by a pump beam
of tunable wavelength from 700 to 960 nm in a suspension of gold nanorods. The polarizer before the dichroic mirror is to establish a linearly
polarized light for the probe beam. BE, beam expander; DCM, dichroic mirror; FL, focusing lens; M, mirror; PBS, polarizing beam splitter; PM,
powermeter. The insert shows the guidance of an infrared probe beam of 1064 nm wavelength through a 4-cm-long cuvette of gold nanoparticle
suspension by a soliton-induced waveguide formed typically at a visible wavelength of 532 nm.
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nonlinear self-trapping of the input beam to form a soliton is
observed [see Fig. 2(h)], indicating a significant decrease in
threshold power. We note that the ring structures in Fig. 2(h)
are a result of thermal defocusing, which has been reported
previously [36].

As seen from Fig. 2, the necessary input power needed to
create a soliton is significantly different for the aqueous and
toluene samples. Given that the dimensions of the gold rods
and the input beam sizes [see Figs. 2(a) and 2(e)] are the same
for the two types of samples, a possible explanation for the dif-
ferent level of optical nonlinearity observed here could be that
water and toluene have different values of refractive index and
viscosity, which can affect the motion of nanorods in the sol-
vent. We have found that the values of nanorod polarizability
and extinction cross section are similar for the aqueous and tol-
uene suspensions due to the small difference in their refractive
indices. On the other hand, viscosity affects the translational
motion of the rods. Since the two solvents have very different
values of viscosity, we believe the viscosity of the background
medium plays a major role in determining the soliton threshold
power and have provided a detailed analysis of the optical
forces and their effect on optical nonlinearity in Section 3.C.

Furthermore, while the exact mechanism is not yet clear, we
believe viscosity also affects the rotational dynamics of the rods
and the degree of nanorod alignment at equilibrium. More spe-
cifically, the viscosity of toluene reported in the literature is
smaller than that of water, enabling the orientations of gold
nanorods to be readily controlled by an external field [18,19].

B. Wavelength-Dependent Nonlinear Response
The creation of soliton beams in both water and toluene is veri-
fied over a wide range of wavelengths from 700 to 960 nm by
examining the output profile of the soliton-forming pump
beam. At each wavelength, similar to what is observed in Fig. 2,
the output beam size decreases as the power of the pump beam
increases, and the power corresponding to the smallest output
beam size is recorded and is shown in Fig. 3(a) for a toluene
suspension of gold nanorods. We find the soliton power varies
between 40 and 185 mW for wavelengths ranging from 800 to
950 nm and reaches a minimum of 40 mW at 880 nm, indi-
cating the strongest optical nonlinearity at this wavelength. We
note a similar resonant behavior is observed for the aqueous
suspension, except that the soliton powers are much higher
(∼500 mW) and the minimum power occurs around 790 nm.

Fig. 2. Beam profiles of a 740 nm laser soliton beam passing through a suspension of gold nanorods (average diameter 50 nm, average length
145 nm) in water (top panels) and toluene (bottom panels) at different powers. (a) Input beam profile at 10 mW. (b)–(d) Output beam profiles
pumped at 10, 157, and 620 mW, respectively. (e) Input beam profile at 10 mW. (f )–(h) Output beam profiles pumped at 10, 50, and 157 mW,
respectively. Note the significant decrease in threshold power for self-trapping in toluene solution.

Fig. 3. Threshold power for self-trapping and transmission spectrum of the pump beam through a gold nanorod (average diameter 50 nm, average
length 145 nm) suspension in toluene. (a) Soliton-formation power as a function of pump wavelength. (b) Transmission spectra (left axis) of the
pump beam for two different input powers: 1 mW (solid circles) for linear propagation and threshold power for soliton formation (open triangles) as
shown in (a), and calculated parallel extinction cross sections (dashed line, right axis) of a single nanorod as a function of wavelength and measured
white-light extinction spectrum (solid line, arbitrary units, right axis).
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The properties of the pump beam in the toluene solution are
further explored by measuring the transmission spectra of the
soliton beam at different input powers. The results are shown
in Fig. 3(b). We find the transmission spectra are independent
of the input power of the pump beam, and display a clear trans-
mission minimum (extinction peak) at 880 nm, in good agree-
ment with the predicted longitudinal surface plasmon resonance
(LSPR) of gold nanorods in toluene [dashed line in Fig. 3(b)]
and the measured white-light extinction spectrum [solid line
in Fig. 3(b)]. Remarkably, the wavelength of maximum non-
linearity in Fig. 3(a) corresponds well to the minima in the
transmission spectra in Fig. 3(b). In other words, the system
exhibits strongest optical nonlinearity at the extinction peak.

C. Optical Forces and Plasmonic Resonant
Nonlinearity
To understand the solvent- and wavelength-dependent behav-
ior of solitons in suspensions of gold nanorods, we need to an-
alyze the optical forces exerted on the rods. To do that, we have
numerically calculated the polarizabilities for gold nanorods in
toluene. The results are shown in Fig. 4(a). We find the real
part of the polarizability along the short axis of a nanorod, α⊥,
stays positive throughout the wavelength range [dashed line in
Fig. 4(a)], but for the polarizability along the long axis, α==, its
real part has a longitudinal surface plasmon resonance around
865 nm, so it can be positive or negative depending on the
wavelength [solid line in Fig. 4(a)]. We have also performed
similar calculations for gold nanorods in an aqueous suspen-
sion. The results are quite similar to those obtained for
toluene suspensions, with the major difference being the shift
of the LSPR to 790 nm.

Because of the wavelength-dependent polarizabilities, the
optical forces acting on the nanorods in the suspension are dif-
ferent when pumped by a linearly polarized laser beam of differ-
ent wavelengths. For particle size smaller than the incident
wavelength (Rayleigh regime), the gradient force is related to
the particle’s polarizability by [37–40]

~F grad �
Re�α�
4

∇j~E j2: (1)

Therefore, nanorods are attracted to or repelled from the center
of the beam depending on the sign of the polarizability.

Specifically, if a laser beam has a wavelength below the LSPR
of 865 nm, nanorods oriented perpendicular (parallel) to the
beam polarization will be attracted to (repelled from) the center
of the beam due to the positive (negative) real part of the polar-
izability α⊥�α==�. Such optical-force-induced particle motion
produces a redistribution of the particle concentration, result-
ing in an intensity-dependent contrast in refractive index and
the subsequent creation of soliton channels in nanosuspensions
[10,11,37]. On the other hand, for pump wavelengths above
865 nm, where the real parts of both α⊥ and α== are positive,
nanorods of both orientations will be attracted to the center of
the beam. In both wavelength regimes, a higher refractive index
can be effectively induced in the center of the beam under
proper conditions, although all positive polarizabilities tend
to develop unstable soliton propagation when the intensity-
dependent nonlinearity is too high [37–39].

In addition to the gradient force, gold nanorods will also
experience the absorption and scattering forces that point in
the direction of the Poynting vector [41,42]:

~F scat �
nbσscat

c
h~Si, (2a)

~F abs �
nbσabs
c

h~Si, (2b)

where nb is the refractive index of the background medium (the
solvent), σscat and σabs are the scattering and absorption cross
sections, respectively, and h~Si is the time-averaged Poynting
vector. The sum of these forces is proportional to the extinction
cross section σext, which is dependent on the orientation of the
nanorods. As shown in Fig. 4(b), the perpendicular extinction
section is approximately 2 orders of magnitude smaller than the
parallel one and displays a monotonic behavior for the wave-
length region considered here. Thus, scattering and absorption
experienced by the nanorods orientated parallel to the polari-
zation of the pump beam are primarily responsible for the
observed minimum in the transmission spectra of the pump
beam shown in Fig. 3(b).

If the gradient force plays the main role in the observed
optical nonlinearity in suspensions of gold nanorods, we would
expect smaller soliton powers at 800 and 940 nm, where the
magnitude of the parallel polarizability reaches local maxima.

Fig. 4. (a) Real part of the polarizabilities calculated for a single nanorod (diameter 50 nm, length 145 nm) suspended in toluene as a function of
wavelength. The perpendicular component (dashed line) stays positive, while the parallel one (solid line) changes from negative to positive as the
wavelength is tuned through the LSPR at 865 nm. The two vertical arrows mark the locations of LSPR for rods in water (790 nm) and toluene
(865 nm). (b) Calculated parallel (solid line) and perpendicular (dotted line) extinction cross sections of a single nanorod as a function of
wavelength.
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Instead, we find the smallest soliton power occurs at a wave-
length of around 880 nm [Fig. 3(a)], where the extinction cross
section reaches a maximum. This suggests that the scattering
and absorption forces may play an important role in the for-
mation of solitons for the suspensions of gold nanorods studied
here. As a result of the scattering and absorption forces, we ex-
pect the rods would be pushed forward with a longitudinal
velocity proportional to the sum of the two forces and inversely
proportional to the viscosity of the solvent medium:

~v ∝
~F scat � ~F abs

η
∝
nbσext
η

h~Si: (3)

For the range of wavelengths studied here, the longitudinal
velocity for parallel rods will be much larger than that for
perpendicular rods due to the difference in their extinction
cross sections [Fig. 4(b)]. Thus, it is the longitudinal motion
of the parallel rods that is responsible for the observed reduc-
tion in soliton power near the LSPR. By having the rods move
at certain speeds, the concentration of parallel rods inside the
soliton channel can be kept at a certain level, thus preventing
excessive attenuation of the pump beam along the propagation
direction. Compared with off-resonance wavelengths, the ex-
tinction cross section near the LSPR is largest, and therefore
less power is needed to have the same longitudinal velocity.
This is consistent with our observation that the smallest pump
power is needed for soliton formation near the extinction peak.
We note that it is possible that the velocity of the rods for wave-
lengths near the LSPR may have to be larger than for off-
resonance wavelengths. As the rods move faster, they will spend
less time moving across the channel, leading to a decrease in the
concentration of parallel rods inside the channel. This will pre-
vent significant attenuation of the pump beam along the propa-
gation direction at the LSPR where the extinction cross section
is greatest.

According to Eq. (3), the solvent can affect the velocity of
the nanorods through the refractive index of the background
medium, the extinction cross section, and the viscosity. The
values of extinction cross sections near their respective LSPRs
are similar for water and toluene, the refractive index of toluene

(1.48) is slightly larger than that of water (1.33), and the vis-
cosity of toluene (0.554 mPa · s at 25°C and 0.1 MPa) [43] is
smaller than that of water (0.890 mPa · s at 25°C and 0.1 MPa)
[44]. Thus, a smaller pump power is needed in toluene suspen-
sions than in water to generate the same longitudinal velocity,
consistent with our observations.

D. Optical Torque and Nanorod Orientation
Next, we consider nanorod orientation inside the soliton-
induced waveguide channel. Using finite element method sim-
ulations, we calculated the optical torque acting on individual
nanorods and found that the nanorods inside the soliton chan-
nel tend to align themselves with respect to the polarization of
the soliton beam. The rotational potential energy of a nanorod,
PE�β�, for an arbitrary orientation angle β between the long
axis of the rod and the polarization of the pump beam (the
x axis), is defined as

PE�β� � −

Z
β

0

τ�θ�dθ, (4)

where τ�θ� is the component of the torque exerted on a nano-
rod placed at the focus of the pump beam along the beam
propagation direction (the z axis). By calculating the torque,
we have obtained PE�β� as plotted in Fig. 5.

As shown in Fig. 5(a), the rotational potential energy is mini-
mum at 90° for nanorods located at the focus of a 740 nm
laser beam (solid line) with a power of 100 mW and a Gaussian
beam radius of 10 μm. The depth of the potential well is about
3 times larger than kBT ∕2 ∼ 2.1 × 10−21 J, the thermal energy
responsible for Brownian motion and disordering of nanorods.
Therefore, for this pump wavelength, the torque has a tendency
to keep the rods aligned perpendicular to the beam polarization,
as schematically shown in Fig. 5(b). However, for a 960 nm laser
beam, the minimum of the rotational potential energy occurs at
0° (dashed line), and thus the rods tend to align themselves par-
allel to the polarization of the pump beam [Fig. 5(b)]. As a result
of the wavelength-dependent polarizability, the torque is also
wavelength dependent. We find the rods tend to orient them-
selves parallel (perpendicular) to the direction of the pump
polarization for wavelengths above (below) the LSPR, which is

Fig. 5. (a) Calculated potential energy for rotation along the z axis (the beam propagation direction) as a result of the soliton beam acting on a
single gold nanorod in toluene at the beam center for two soliton wavelengths: 740 nm (solid line) and 960 nm (dotted line). The soliton beam is
assumed to have a power of 100 mW and a Gaussian beam radius of 10 μm. The inset shows the definition of the orientation angle β. Note that the
rotational potential energies in the x and y directions (not shown here) are typically 3 orders of magnitude smaller. (b) Schematic illustration of
perpendicular and parallel orientations of the nanorods for two soliton wavelengths of 740 and 960 nm, respectively.

32 Vol. 7, No. 1 / January 2019 / Photonics Research Research Article



consistent with the preferred orientations obtained from analyz-
ing the optical forces as discussed in Section 3.C.

E. Soliton-Mediated Anisotropic Optical Property
Because of the intrinsic anisotropic property of the nanorods, the
different orientations of nanorods inside the soliton channel
should result in synthetic anisotropic optical properties at the
macroscopic scale. The anisotropic properties of the synthetic
material created by the soliton beam can be characterized by meas-
uring the polarization transmission spectrum of a probe beam lin-
early polarized at an angle of θ1 with respect to the polarization of
the soliton beam (the x axis) through the soliton channel. As a
result of the difference between the refractive indices along the
two principal axes (x and y) of the synthetic material, the output
beam generally turns elliptically polarized after passing through
the sample. This can be characterized by measuring the intensity
transmitted through a polarizer placed after the sample as a func-
tion of the polarizer’s angle θ2 with respect to the x axis, given by

I � hjE�θ2�j2i

� I 0

�
e−η cos2 θ1 cos2 θ2 � eη sin2 θ1 sin2 θ2

� 1

2
sin 2θ1 sin 2θ2 cos δ

�
, (5)

where I 0 � 1
2
jE inj2 expf−�Im�nx� � Im�ny��k0Lg, with E in

being the input electric field amplitude, nx and ny the two re-
fractive indices along two principal axes, respectively, k0L �
2πL∕λ the optical phase that the beam accumulates when
passing through the suspension of length L, and δ � �Re�nx� −
Re�ny��k0L and η � �Im�nx� − Im�ny��k0L describe the induced
birefringent and dichroic properties of the synthetic material, re-
spectively. If the orientation of the rods is dependent on the wave-
length of the pump beam, we expect both the sign and value of
Im�nx� − Im�ny� should change and the major axis of the output
probe beam should rotate differently. The total output intensity of
the probe beam for a given polarization θ1 of the input probe
beam can be obtained as

hjE j2i � 1

2
jE inj2

n
exp

h
−2 Im�nx�k0L

i
cos2 θ1

� exp
h
−2 Im�ny�k0L

i
sin2 θ1

o
: (6)

Thus, by measuring the total transmission T of the probe beam at
θ1 � 0° and 90°, we will be able to obtain the synthetic
dichroic property η:

η � �Im�nx� − Im�ny��k0L � ln
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T �90°�∕T �0°�

p
: (7)

Assuming perfect ordering of the gold nanorods inside the
soliton channel, we can estimate the corresponding effective
refractive indices from the parallel and perpendicular pola-
rizabilities of the rods [Fig. 4(a)] and the Clausius–Mossotti
relation:

n2eff − n
2
b

n2eff � 2n2b
� Nα

3ε0n2b
, (8)

where neff and nb are the effective refractive index of the suspen-
sion and the refractive index of the solvent, respectively, N is the
number density of nanorods, and α is the nanorod polarizability.
Using the number density of 7.36 × 1015 m−3 for the toluene
suspension, and toluene’s refractive index of 1.4812 at 1064 nm,
we estimate the real and imaginary part differences between the
parallel and perpendicular effective refractive indices of the sus-
pension at the probe wavelength of 1064 nm to be 3.4 × 10−5

and 1.0 × 10−5, respectively.
To examine the ordering effects in nanorod suspensions as

discussed above, we perform a series of polarization transmis-
sion measurements with a linearly polarized 1064 nm probe
beam guided through the soliton channel (see Fig. 1 for the
experimental setup). The input power of the probe beam is
fixed at 5.0 mW, and the probe beam itself does not experience
appreciable nonlinear self-action, so it will not interfere with
the alignment of the rods in the suspensions since the soliton
beam has a much higher input power. As a typical example, the
measured transmission of the probe beam for a 740 nm pump
beam at various powers is shown in Fig. 6. We see a threefold
increase in transmission of the probe beam when the power of
the pump beam is increased to achieve nonlinear self-trapping,
indicating guidance of the probe beam by the soliton channel
induced by the pump beam. However, a decrease in transmis-
sion for pump powers exceeding 150 mW is observed, since
thermal defocusing starts to affect the formation of solitons
and thus the guidance.

Transmission spectra of a probe beam with polarizations
perpendicular [crosses in Fig. 6(a)] and parallel [open circles

Fig. 6. (a) Transmittance of a 1064 nm probe beam guided by a 740 nm soliton beam as a function of the pump power for probe polarization
perpendicular (crosses) and parallel (open circles) to the polarization of the soliton beam. The input power of the probe beam is fixed at 5.0 mW.
(b) Relative percentage difference between the perpendicular and parallel transmittances.
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in Fig. 6(a)] to the pump beam polarization are measured.
No appreciable difference between the two transmittances is
observed. The percentage difference between the two [see
Fig. 6(b)] is within 2%, a result consistently observed during
several repeated measurements. With a theoretically estimated
value of 1.0 × 10−5 for Im�nx� − Im�ny� obtained assuming the
rods were fully ordered and k0L to be 7.4 × 104 for our sample,
we would expect the perpendicular transmittance to be 4.4
times greater than that for the parallel transmittance. The
discrepancy between the theoretical expectation and the exper-
imental observation can be attributed to two possible reasons:
first, the rods are not fully aligned due to thermodynamic fluc-
tuations caused by Brownian motion of the solvent molecules,
and second, ordering probably occurs over a local region near
the focus of the laser beam where the optical field is strong
and does not extend along the entire beam path as a result
of the expansion and attenuation of the pump beam. The
pump beam intensity at the focus is strong enough for oriented
rods to overcome thermal fluctuations; however, the intensity
drops quickly along the lateral direction. The depth of the
potential well becomes comparable to the thermal energy at
a radius of 7.5 μm and is only 40% of the thermal energy
at a radius equal to the beam radius of 10 μm. Therefore, it
is unlikely that rods are fully ordered over the entire cross sec-
tion of the pump beam. This can possibly reduce Im�nx� −
Im�ny� to a fraction of its value in the fully ordered case. As
the pump beam propagates along the soliton channel, it also
attenuates and expands. We estimate the beam size at output
to be approximately 3 times its size at the focus. As a result, the
laser beam intensity outside the focus region will not be strong
enough to overcome thermal fluctuations to align the nano-
rods. This will cause the action length to be significantly smaller
than the sample length, thus effectively reducing k0L. Both sce-
narios will cause the transmission of the probe beam to be
insensitive to its polarization. Assuming that Im�nx� − Im�ny�
becomes 3 times smaller than in the fully ordered case, and
ordering only occurs over an action length of 500 μm (50 times
the beam radius at the focus), we find the percentage difference
between the perpendicular and parallel transmittances will
be within 2%, a result consistently observed in our experi-
ments. We want to point out that the conclusion drawn here
does not match with that from our previous report [35], where
an aqueous suspension of gold nanorods was pumped by a
532 nm laser beam and the polarization-dependent transmis-
sion of a probe beam appeared to be identified. After a careful
examination of the previous results and a series of new
experiments performed in the same setting, we found that
the apparent polarization-dependent transmission was observed
in experiments where the power of the probe beam input to the
sample was not fixed when its polarization was adjusted with
polarization optics. The underlying mechanism for this phe-
nomenon is not quite clear, though, and we believe it may
be related to interactions between the soliton beam and the
probe beam. In any case, it is with no doubt that nanorods
can be aligned by high electric fields [18–20], so the proposed
scheme in Fig. 5(b) and associated anisotropic optical proper-
ties should be achievable with intense optical beams under
appropriate conditions.

4. CONCLUSION

In summary, we have demonstrated self-focusing of light in col-
loidal suspensions of gold nanorods over a wide range of pump
wavelengths and in different solvent environments. We find a
much smaller power is needed for the formation of solitons at
the longitudinal surface plasmon resonance of the rods, and the
soliton formation power in toluene suspensions is also signifi-
cantly less than that in aqueous suspensions. Our results suggest
that the optical scattering and absorption forces play a major
role in soliton formation. By analyzing the optical forces
and torque acting on the gold nanorods, we show theoretically
that it is possible to align the nanorods inside a soliton channel
with wavelength-dependent orientations. A theoretical estimate
for the resulting synthetic optical anisotropy inside the soliton
channel is also provided, although the expected synthetic aniso-
tropic properties are too subtle to be observed through polari-
zation transmission measurements of a low-intensity 1064 nm
probe beam guided along the soliton channel. The ability to
achieve tunable soliton formation and control nanorod orien-
tations in colloidal nanosuspensions with low-power CW laser
beams can be used to produce polarization-dependent trans-
mission, which may lead to interesting applications in all-
optical switching and transparent display technologies.
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