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As information technologies move from electron- to photon-based systems, the need to rapidly modulate light is of
paramount importance. Here, we study the evolution of the electric-field-induced alignment of gold nanorods sus-
pended in organic solvents. The experiments were performed using an all-fiber optofluidic device, which enables
convenient interaction of light, electric fields, and the nanorod suspension. We demonstrate microsecond nanorod
switching times, three orders of magnitude faster than a traditional Freederickcz-based liquid crystal alignment
mechanism. We find that the dynamics of the alignment agrees well with the Einstein–Smoluchowski relationship,
allowing for the determination of the rotational diffusion coefficient and polarizability anisotropy of the nanorods
as well as the effective length of the ligands capping the nanorods. The ability to dynamically control the optical
properties of these plasmonic suspensions coupled with the point-to-point delivery of light from the fiber compo-
nent, as demonstrated in this work, may enable novel ultrafast optical switches, filters, displays, and spatial light
modulators. © 2017 Optical Society of America

OCIS codes: (160.3710) Liquid crystals; (130.4815) Optical switching devices; (060.7140) Ultrafast processes in fibers.
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1. INTRODUCTION

Liquid-crystal-based displays and filters are widely used in modern
optical technologies. The electrically induced alignment of the
liquid crystal molecules enables the refractive index to be tailored,
thereby controlling the optical properties. The fundamental short-
coming for this electro-optical mechanism is its limited response
time (γd 2∕K ≈ms, where γ is the viscosity, d is the cell thickness,
and K is the elastic constant of the liquid crystal). In general, indi-
vidual anisotropic molecules do not couple strongly to external
electric fields due to their relatively small electric susceptibility, pre-
venting alignment. Therefore, the electric-field-induced alignment
depends on such molecules being in a liquid crystal phase, enabling
alignment via near-neighbor interactions. However, these near-
neighbor interactions also give rise to the slow switching times [1,2].

Recently, gold nanorods in dilute suspensions were demon-
strated as a novel paradigm to the electric field alignment of aniso-
tropic molecules [3]. Unlike anisotropic molecules, the electric
susceptibility of an individual gold nanorod is sufficiently large

to couple to an external electric field, overcoming thermal exci-
tations and enabling alignment. Therefore, these nanorod suspen-
sions are expected to have significantly faster switching times
compared to liquid-crystal-phase-based approaches, resolving this
longstanding issue (γL3∕kbT ≈ μs, where L is the length of the
nanorod, kb is the Boltzmann constant, and T is the temperature).

To reveal the dynamic response, we incorporated suspensions
of gold nanorods in toluene into a novel all-fiber optofluidic com-
ponent that combines electric fields with light. The component
was fabricated by assembling cylindrical capillaries and micro-
structured optical fibers [4,5], allowing light interaction with di-
lute suspensions of oriented nanorods, thereby minimizing any
potential near-neighbor interactions. We first measured the steady-
state alignment of the nanorods in the optofluidic component and
determined optical parameters as well as the orientational order
parameter as a function of the applied voltage [3]. Second, the
dynamic response of nanorods was investigated and the nanorod
rotational diffusion coefficient, polarizability anisotropy, switching
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times, and effective ligand length were determined. Figure 1 is the
conceptual overview of the optofluidic component.

2. THEORY

The absorbance of gold nanorods in suspension can be expressed as

A�t� � μ�t�f l∕ln 10; (1)

where l is the path length and f is the volume fraction of the nano-
rods. For an ensemble of nanorods, the absorption coefficient μ�t�
for light polarized parallel to the electric field is given by [6,7]

μ�t� �
Z

2π

0

Z
π

0

�μ∥ cos2 θ� μ⊥ sin
2 θ�P�θ;t� sin θdθdϕ; (2)

where P�θ;t� is the probability distribution for the nanorod orien-
tation, θ is the angle between the electric field and the nanorod long
axis, and ϕ is the azimuthal angle, as shown in Fig. 2(a). Parameters
μ∥ and μ⊥ are the intrinsic absorption coefficients, which in turn
can be calculated from the complex dielectric function of the gold
nanorods, ε, according to Maxwell Garnett model [8]

μ∥�⊥� �
2π Im�ε�

λnh

���� εh
εh � L∥�⊥��ε − εh�

����
2

: (3)

The subscript ∥�⊥� indicates the direction parallel
(perpendicular) to the long axis of the nanorod. εh and nh are
the dielectric constant and refractive index of the host medium,
respectively (εh � 2.38 and nh � 1.497 for toluene), λ is the op-
tical wavelength, and L∥ and L⊥ are the depolarization factors,
which are calculated from the geometrical properties of the nano-
rods [8]. For nanorods of 75 nm length and aspect ratio 3, L∥ �
0.11 and L⊥ � 0.44. The complex dielectric function ε can be
estimated from the Drude model [9]

ε � εinter � 1 −
ω2
p

ω2 � iβω
; (4)

where the first term, εinter, is a constant that represents the con-
tribution from interband electron transitions and the second
term is the contribution from intraband electron transitions [9],
ω is optical frequency, ωp is the plasma frequency of gold, and

β is the damping constant. εinter, ωp, and β were obtained by fit-
ting the absorbance spectrum of the nanorods [see Fig. 5(a)].

To estimate the absorbance using Eqs. (1) and (2), all that
remains is to calculate the probability distribution P�θ;t�.
Under the influence of an electric field E

⇀
�t�, its dynamics can be

described by the Einstein–Smoluchowski (ES) equation [10–12].
We have

∂P�θ;t�
∂t

�D
�

1

sin θ

∂
∂θ

�
sin θ

∂P�θ;t�
∂θ

�Δαε0E2�t�
kbT

P�θ;t�sin2 θ cos θ
��

:

(5)

The first term on the right-hand side represents the Brownian
motion and the second one the torque due to the induced dipole
moment [6,13]. The constant D is the rotational diffusion coef-
ficient that defines the characteristic relaxation time of the system.
The anisotropy of the polarizability α is defined as Δα � α∥ − α⊥
and determines the torque caused by the electric field. BothD and
Δα are obtained by fitting the experimental data. The known
parameters ε0, kb, and T are the vacuum permittivity, Boltzmann
constant, and temperature (298 K), respectively. The probability
distribution P�θ;t� was normalized toZ

2π

0

Z
π

0

P�θ;t� sin θdθdϕ � 1: (6)

Here, P�θ;t� is obtained by numerically solving the ES equa-
tion. If E � 0, there is no nanorod alignment and P�θ;t� is
uniform. If E > 0, nanorod alignment takes place and P�θ;t� be-
comes sharply peaked around 0 and π, as depicted in Fig. 2(b).
Furthermore, if an alternating electric field is applied, the prob-
ability distribution oscillates. The modulation depth of the oscil-
lation decreases with increasing the field frequency, as the
nanorods have less time to relax when the electric field switches
sign; see Fig. 2(c).

In addition to the absorbance, determining P enables retrieval of
the scalar orientational order parameter S, which is defined as [3]

Fig. 1. Optofluidic component schematic, efficiently coupling light
and electric fields to plasmonic nanorods.

Fig. 2. (a) Schematic of a gold nanorod under an electric field along
the z direction. (b) Simulation of the probability distribution P�θ;t� for
E � 0 and E � 2 V∕μm. (c) Simulation of the temporal variations
of the probability distribution P�0;t� at frequencies ω � 20;000π
(top) and ω � 6000π rad∕s (bottom) for E � 4 V∕μm. The simulation
parameters are D � 4000 s−1 and Δα � 1.2 × 10−22 m3.

Research Article Vol. 4, No. 8 / August 2017 / Optica 865



S�t� �
Z

2π

0

Z
π

0

1

2
�3 cos2 θ − 1�P�θ;t� sin θdθdϕ: (7)

The order parameter measures the orientation order of the
nanorods and is unity when all nanorods are aligned parallel
to the applied field direction and zero when they are randomly
oriented.

3. EXPERIMENTAL SETUP

A. Polystyrene-Thiol Functionalized Gold Nanorods in
Toluene

Gold nanorods were synthesized using an aqueous wet-seed
method [14] and also commercially acquired (Nanopartz, Inc.),
with a typical aspect ratio, length (75 nm) to diameter (25 nm), of
3. To ensure waveguiding in the suspension when placed inside
the glass optical fiber (see below), the nanorods were suspended in
toluene using a previously developed phase transfer technique
[3,15]; three solutions of thiol terminated polystyrene each with
of different lengths (Polymer Source, Inc., Mn � 5000, 25,000,
and 50,000) were prepared in three 20 ml glass scintillation vials
each containing 1 ml of tetrahydrofuran (25 mg/ml). To these
three solutions, 1 ml of nanorods were added (10−8 M) and vig-
orously shaken. Upon shaking, the nanorods flocculate onto the
side of the glass vial. The vial is then put to rest on a table for
15 min. The remaining water and tetrahydrofuran are decanted,
and the vial is dried with nitrogen gas. 20 ml of toluene is then
added into each vial, and the vial is shaken again, resuspending
the nanorods. To remove the excess polystyrene, each nanorod
suspensions was centrifuged (10,000 g) for 25 min, flocculating
the nanorods, the supernatant was removed and 20 ml of toluene
was added, resuspending the nanorods. The centrifuge process
was repeated two more times, bringing the final volume in each
vial to 1 ml.

B. Optofluidic Component

A schematic of the optofluidic component is presented in Fig. 3(a).
Two light sources were used: a white-light source (halogen lamp)
or a diode laser (Thorlabs HL6738MG) with light emission at
690 nm, matching the absorption peak corresponding to the long
axis of the nanorods. Light was polarized and focused into the
optofluidic component with a 10× microscope objective.
Spectral analysis was carried out with an Ocean Optics QE65000
spectrometer. For dynamic studies, a fast silicon detector
(Thorlabs PDA10A) with 150 MHz bandwidth was employed in
conjunction with a 300 MHz Tektronix TDS3034 oscilloscope.
The aligning electric field was created using a Matsusada AMT-
10B10 high-voltage amplifier for AC signals and a Behlke GHTS
100 push–pull switch for nearly rectangular pulse excitation.

The optofluidic component was fabricated, as shown in
Fig. 3(b), using a Vytran GPX-3000 processing station. The in-
teraction cell where light probes the nanorods consists of a
10 cm long liquid-core silica capillary with inner/outer diameter
250/330 μm. The light is guided by total internal reflection using
a solvent (toluene) with a refractive index higher than silica. The
liquid-core waveguide formed is highly multimode (numerical
aperture 0.33, V-number 371), and therefore, all other fibers used
in this study are also multimode (MM). The electric field to align
the nanorods was created by two electrodes placed on either side
of the interaction cell. The electrodes were made by filling similar
250/330 μm capillaries with a low-melting-temperature alloy
58Bi-42Sn. The three capillaries are placed on a flat surface and
glued together with UV-curing glue. The edge-to-edge separation
between the electrodes is 600 μm, which assures a relatively uni-
form field distribution in the interaction cell, preventing unde-
sired dielectrophoretic effects.

Light and liquid are delivered to and from the central capillary
by two spliced sections of twin-hole multimode fiber [THMM

Fig. 3. (a) Experimental setup. (b) Optofluidic component. The THMM fiber uses side holes for fluid delivery and the central core for light transport.
Below the schematic, optical photographs taken with the processing station illustrate the cross section at points 1–4. The core region becomes white by
coupling light into the remote end of the core. Picture 2 shows the overlap of the THMM and the spliced MM fiber, illustrating that the holes are still
open for liquid insertion. (c) Cross section and dimensions of the THMM fiber.
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fiber in Fig. 3(c)], where the side holes are used for liquid supply
[16]. The dimensions of the THMM fiber are outer diameter
250 μm, core 62.5 μm, and holes of 50 μm diameter separated
by 100 μm. Optical access to the core of the THMM fiber is
provided by a spliced section of standard multimode fiber, with
125 μm outer diameter and 62.5 μm core size. The smaller cross
section of this fiber allows splicing without blocking the holes of
the THMM fiber, as shown in Fig. 3(b). Liquid delivery is pro-
vided by a 90/125 μm input capillary. The spliced region and a
length of the input capillary are introduced into a short (∼1 cm)
section of housing capillary of diameters 252/330 μm. This hous-
ing capillary is sealed on both sides with UV-curing glue, which
prevents liquid from escaping and locks in place the fibers and
input capillary.

Light coupled to the core of the multimode fiber reaches the
interaction cell via the twin-hole fiber. A pressure pump is used to
inject liquid into the input capillary, which fills the interaction
cell. The nanorods flow at 10 μl/min, which aids to minimize
solvent evaporation. The flow rate is kept small to guarantee lam-
inar flow and low shear forces. The length of the input multimode
fiber was limited to 4 cm to minimize polarization rotation prior
to the interaction cell.

A two-dimensional finite-element simulation (COMSOL
Multiphysics 5.2) was performed to understand the relationship
between the applied voltage and the aligning electric field inside
the fiber. From Fig. 4, the field is observed to be relatively uni-
form inside the interaction cell, ensuring dielectrophoretic effects
are negligible, and provides the magnitude of the electric field in
the interaction cell for a given applied potential.

4. NANOROD DYNAMICS

A. Steady-State Nanorod Alignment

The nanorod suspension was placed inside the optofluidic com-
ponent to first understand the steady-state response. The nano-
rods were then aligned with an alternating electric field of the

form E
⇀
�t� � E0 sin�ωt�ẑ to prevent the nanorods from translat-

ing or ionic effects from the solvent. Figure 5(a) shows spectral
measurements of the absorbance under an oscillating aligning
field at a driving frequency of 8 kHz for light polarized parallel
to the applied electric field. The absorbance, A � −Log�I∕I0�,
was calculated, where I and I 0 are the intensities transmitted
through the optofluidic component filled with the nanorod sus-
pension and pure toluene, respectively. As the nanorods align
along the ẑ axis, the absorbance from the longitudinal surface
plasmon (LSP) absorption peak (742 nm) increases, whereas the
transversal surface plasmon peak (532 nm) decreases for the given
polarization geometry. The results shown in Fig. 5 are the 400 ms
average of the instantaneous absorbance, which varied at 16 kHz
(twice the driving frequency), since the nanorod absorbance for
θ � 0 and π are equivalent.

To obtain the optical parameters εinter, ωp, and β from Eq. (4),
the absorbance spectrum was calculated for E0 � 0, using
Eqs. (1)–(4), with P�θ;t� � 1∕�4π� and is shown in Fig. 5(a)
(black line). The parameter values retrieved are shown in Table 1.

Fig. 4. Electric field distribution calculated from solving Poisson’s
equation (a) with 1 kV applied. The structure was modeled as:
Region (1) nanorod suspension in toluene (dielectric constant εr � 2.38,
inner fiber diameter � 250 μm), Region (2) electrodes, perfect conduc-
tor (inner fiber diameter � 250 μm), Region (3) silica glass (εr � 3.8,
outer fiber diameter � 330 μm), Region (4) acrylate coating (εr � 3.50,
thickness � 20 μm), and Region (5) epoxy glue (εr � 3.60). (b) Electric
field magnitude along a horizontal line crossing the center of the core.

Fig. 5. (a) Experimental absorbance spectra as a function of wave-
length for various applied electric fields (blue–red) and compared to the
simulated spectrum at E0 � 0 (black). (b) LSP absorbance and the order
parameter as a function of the electric field (8 kHz). (c) LSP absorbance
versus order parameter.
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Figure 5(b) shows the average absorbance at the LSP absorp-
tion peak and the average order parameter as a function of the
electric field. As demonstrated in previous work [3], the linear
dependence between the order parameter and the absorbance
is verified, A � 0.23S � 0.265; see Fig. 5(c). The order param-
eter was calculated from Eq. (7), using the probability distribution
P�θ� obtained by solving Eq. (5), with D � 5000 s−1 and Δα �
6.5 × 10−22 m3 providing the best fit to the experimental data.
We find ωp retrieved from the fitting is within 9% of the liter-
ature values in the range of ωp � 12.9–13.7 × 1015 rad∕s and the
β from fitting is within 32% of the literature β � 0.3–1.1 ×
1014 rad∕s [17]. The relatively large difference in β is attributed
to the polydispersity of the nanorods in the suspensions, leading
to a broadening of the absorbance peak and apparent increase in
β; see Fig. 5(a).

B. Time-Resolved Nanorod Alignment

To investigate the dynamics of the nanorod alignment, short
voltage bursts at 2 kHz and 8 kHz were applied, Fig. 6, and the
relative absorbance ΔA∕Ao was measured, where A0 is the ab-
sorbance from the suspension without the electric field applied.
The relative absorbance measurements removes the dependence
of cell length and nanorod concentration [6]. The amplitude of
ΔA∕Ao in Fig. 6(a) increases with increasing electric field. As the

frequency decreases, Fig. 6(b), the nanorods have more time per
cycle to align, leading to larger amplitude changes and saturation
of the maxima peaks. A phase shift between the zero voltage,
where thermal relaxation occurs, and the minimum degree of
alignment is also observed. The shift corresponds to a relative
time lag that increases for higher frequencies, which is highlighted
by the dashed gray vertical lines in Fig. 6. When the field is suf-
ficiently strong (�6.5 V∕μm), nearly all nanorods are aligned
parallel to the applied field and the order parameter reaches close
to unity (S � 0.96) both at 8 kHz and at 2 kHz. At the higher
frequency, the nanorods do not have time to thermally randomize
when the field goes from�6.5 V∕μm to zero, and the minimum
S value at 8 kHz is 0.59, while it is only 0.25 at 2 kHz. For weaker
fields, the fraction of aligned particles is reduced. For example,
for a field �3.1 V∕μm, the maximum of the order parameter
at 8 kHz is S � 0.74.

Parameters D, Δα and ωp were extracted by fitting the exper-
imental data in Fig. 6 with the theoretical ES model and are
summarized in Table 2. The theoretical relative absorbance
was multiplied by a loss factor of 0.22 to fit the experimental am-
plitude. The physical origins of the loss factor are postulated to
come from the alignment-dependent scattering from the nano-
rods or from the polydispersity of the nanorod sizes. The amount
of light inside the core may change slightly as the nanorods align,
due to the anisotropic scattering of the nanorods, leaking light
into the cladding and yielding a perceived change in extinction.
Alternatively, the nanorods in the experiments are polydisperse in
size, which may lead to an overall reduction in the absorbance
amplitude relative to the ES model, which does not account
for the nanorod polydispersity.

We find that the rotational diffusion coefficient D has a value
lower than that predicted by different hydrodynamics models,
which span 9000–12000 s−1 [18]. This is attributed to the poly-
styrene-thiol coating (see below). The anisotropy in polarizability
Δα is 2.3–3.3 times larger than what is expected from the low-
frequency approximation of the Drude model 2.0 × 10−22 m3,
calculated as Δα � V ∕L∥ − V ∕L⊥, with V the nanorod volume
�3.68 × 104 nm3� [3]. The intrinsic absorption coefficients μ∥�⊥�
and the complex dielectric constant ε were calculated from
Eqs. (3) and (4), respectively, for λ � 690 nm.

C. Rise and Decay Times

The characteristic times of the system can be obtained by applying
a short quasi-rectangular pulse as, shown in Fig. 7(a), red curve.
The rise time �τon� depends on the electric field amplitude,
whereas the decay time �τoff � only depends on the host medium
and geometrical properties of the nanorods, as shown in Fig. 7(a).
For a field of amplitude 9.3 V/μm, the relative absorbance rapidly
reaches its maximum value where all the nanorods are aligned,
whereas for a field of 4.1 V/μm, the nanorods do not have suffi-
cient time to fully align in the 25 μs pulse duration. The rise time
is obtained by fitting the function 1 − aet∕τon to the leading edge

Table 1. Drude Model Fitting Parameters

εinter 13.5 model fit
ωp 14.9 × 1015 �rad∕s� model fit
β 3.4 × 1014 �rad∕s� model fit

Fig. 6. (a) Relative absorbance (left vertical axis) and order parameter
(right vertical axis) from the nanorod suspension (blue/green at the top)
aligned under a three-period sinusoidal voltage burst (red at the bottom).
(a) Frequency 8 kHz and field amplitude 6.5 V/μm (blue) and 3.1 V/μm
(green). (b) Frequency 2 kHz and field amplitude 6.5 V/μm (blue). The
simulation traces (black solid lines) were obtained with the theoretical
model.

Table 2. Einstein–Smoluchowski Fitting Parameters

D 4800–5200 �s−1� model fit
Δα 4.6–6.5 × 10−22 �m3� model fit
μ∥ 3.3 × 107 �m−1� Eq. (3)
μ⊥ 5.7 × 105 �m−1� Eq. (3)
ε −14.8� 3.65i Eq. (4)
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of the relative absorbance. Rise times from 18.7 to 1.49 μs are
obtained for electric fields from 2.3 to 10.5 V/μm, as shown
in Fig. 7(b). For strong aligning fields, the order parameter ap-
proaches unity (0.97). Under a strong electric field approxima-
tion, one can neglect the randomization due to Brownian
motion and the rise time is given by [6]

τon �
πkbT

4DΔαε0E2 ; (8)

where values for D and Δα are presented in Table 2. Equation (8)
accurately describes the experimental data for electric fields of am-
plitudes larger than 3.5 V/μm. For lower amplitudes, the approxi-
mation of a strong electric field is no longer valid. The decay time
is related to the diffusion coefficient by τoff � 1∕�6D� � 33 μs
for the data in Fig. 7 [19]. These experimental results demonstrate
rise and decay times of the nanorods as fast as 1.49 μs and
33 μs, respectively, at least three orders of magnitude faster than
a traditional Freederickcz-based liquid crystal phase alignment
mechanism [2].

D. Influence of the Ligand Length

The effect of the polymer coating on the response time of the
nanorods was also studied. Three samples with different
polystyrene-thiol lengths were compared, with Mn of 5000,
25,000, and 50,000 units, respectively. They were probed with
three-cycle 8 kHz sinusoidal bursts of field amplitude 6.5 V/
μm and with quasi-rectangular 33 μs long pulses with amplitude
9.3 V/μm.

The characteristic rise and decay times change dramatically
with the ligand length in Fig. 8. The ES model fitting parameters
for the different length ligands are shown in Table 3. The rota-
tional diffusion coefficient can be calculated using a hydrody-
namic model [13]

D � 3kbT
πηL3

�
−
0.05

AR2 �
0.917

AR
� ln�AR� − 0.662

�
; (9)

where L and AR are the nanorod length (75 nm) and aspect ratio
(3), respectively, and η is the medium viscosity (toluene, 0.554�
3.3 mPa s at 25°C [20]). For the L � 75 nm nanorods, D is cal-
culated from Eq. (9) to be 11200 s−1. The difference between the
measured (Table 3) and calculated [Eq. (9)] D values is postulated
to come from the effective increase in size from the polystyrene
coating, which would increase the drag experienced by the nano-
rods. Understanding the dynamic morphology of the polystyrene
on the surface of the nanorods in suspensions is nontrivial. We
can define an effective nanorod length Leff � 75 nm� 2ρ and

Fig. 7. Relative absorbance of nanorods aligned under a quasi-rectan-
gular pulse signal (red). (a) Pulse of 25 μs width with an electric field
9.3 V/μm (blue) and 4.1 V/μm (green). The simulation (black line)
is obtained from numerically solving the ES theory described above.
(b) Rise time as a function of the electric field. Equation (8) has been
fitted to the model (black line).

Table 3. Fitting Parameters for Different Polymer Coatings

Mn 5000 25,000 50,000

D �s−1� 5200 1520 905
Δα�×10−22 m3� 7.5 9.07 8.79
Leff (nm) 89 119 136
AReff 2.2 1.72 1.58
ρ �nm� 7 22 30.5
τonE � 8.7 V∕μm �μs� 1.49 4.3 8.0
τoff �μs� 33 110 184

Fig. 8. Relative absorbance for the suspension of nanorods with a
5000 units polystyrene-thiol coating length (blue dots), 25,000 units
(green dots) and 50,000 units (orange dots) probed with a 8 kHz
three-cycle aligning field of peak amplitude 6.5 V/μm. (b) Relative ab-
sorbance to a quasi-rectangular pulse of 33 μs duration with peak am-
plitude 9.3 V/μm. The black lines are the best fits using the ES theory
described above.
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an effective aspect ratio AReff � �75 nm� 2ρ�∕�25 nm� 2ρ�,
where ρ is the effective thickness of the coating. Using the values
of D from Table 3, ρ can be estimated from Eq. (9), increasing
from 7 to 30 nm from the short to long chains (Table 3).

5. CONCLUSIONS

In summary, we demonstrated the electric-field-induced align-
ment of gold nanorods in an all-fiber component, enabling the
interaction of light, electric fields, and a nanorod suspension. We
studied the time-resolved dynamics of the nanorod alignment and
showed it agrees well with the Einstein–Smoluchowski relationship.
We showed that the electric-field-induced switching times of the
nanorods are three orders of magnitude faster than traditional aniso-
tropic molecules in liquid crystal phases. We also demonstrated the
ability to determine the rotational diffusion coefficient and polar-
izability anisotropy of the nanorods as well as the effective length
of the ligands capping the nanorods. This work paves the way to-
ward the use of gold nanorods in fiber-based optical components,
such as modulators, optical switches, or polarization controllers.
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