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Optical metamaterials capture the imagination with breathtaking promises of nanoscale resolution in
imaging and invisibility cloaking. We demonstrate an approach to construct a metamaterial in which
metallic nanorods, of dimension much smaller than the wavelength of light, are suspended in a fluid
and placed in a nonuniform electric field. The field controls the spatial distribution and orientation
of nanorods because of the dielectrophoretic effect. The field-controlled placement of nanorods
causes optical effects such as varying refractive index, optical anisotropy �birefringence�, and
reduced visibility of an object enclosed by the metamaterial. © 2009 American Institute of Physics.
�doi:10.1063/1.3278442�

Optical metamaterials represent artificial composites
with metal and dielectric elements intertwined at subwave-
length scale. Different spatial architectures lead to
fascinating optical properties such as negative refraction,
subwavelength imaging, and cloaking.1–5 Typically, the
metastructures are fabricated by a nanolithography approach
that has limited applicability when complex three-
dimensional �3D� arrangements or switching are required. So
far, only two-dimensional �2D� nonswitchable structures
have been produced.4,5

We demonstrate that 2D and 3D reconfigurable optical
metamaterials can be produced by applying a nonuniform ac
electric field to a dispersion of gold �Au� nanorods �NRs� in
an isotropic dielectric fluid. Previously, manipulation in a
nonuniform field, also known as dielectrophoretic effect,6

was demonstrated for metal nanowires of much larger su-
pramicron length �see Refs. 7–11�. We show that the dielec-
trophoretic control of NRs that are only 50–70 nm long,
leads to optical effects such as spatially varying refractive
index, birefringence, and reduced visibility of an object en-
closed by the metamaterial.

We used two sets of Au NRs as follows: �1� “long” NRs
with average diameter d=12 nm, length L=70 nm, and an
absorption peak due to the longitudinal plasmon at
�1050 nm and �2� “short” NRs, d=20 nm, L=50 nm, and
an absorption maximum at �725 nm. The short NRs are
well suitable to explore the spatial distribution and orienta-
tion of NRs through light absorption while the long NRs are
better suited to observe cloaking and birefringence effects in
the visible part of spectrum. The NRs, functionalized with
polystyrene �PS� �Refs. 12 and 13� were dispersed in toluene
with a refractive index nt=1.497 at �=589 nm. The volume
fraction of NRs was �4–8��10−4. We experimented with flat
and cylindrical cells; the latter produce 3D configurations
similar to the optical cloak of Cai et al.3

A flat cell is formed by two glass plates, confining two
mutually perpendicular electrodes, Fig. 1. The ground elec-
trode �3� is a copper wire of diameter 2a=3 �m in a boro-
silicate glass shell of diameter 20 �m that determines the
separation between the glass plates. The second electrode �2�

is a similar wire, connected to the waveform generator, with
the glass shell etched out along the last portion, about 1 mm
long, near the electrode’s tip. The cell is filled with the dis-
persion of Au NRs in toluene and sealed.

At zero voltage, the NRs are distributed uniformly
across the area and show no alignment. In crossed polarizers,
the texture is dark, Fig. 1�b�. When the ac voltage U
=170 Vrms, frequency f =100 kHz is applied, the Au NRs,
being more polarizable than toluene, move into the regions
of high electric field and align, creating an optically birefrin-
gent cloud near the electrode �2�, Fig. 1�d�. By inserting an
optical compensator one establishes14 that in the birefringent
region, the index of refraction for light polarized perpendicu-
lar to the electrode �2� is smaller than for parallel polariza-
tion, �n=n� −n��0, consistent with the alignment of NRs
along the field, Fig. 1�c�. The latter is also confirmed by
absorption of linearly polarized light near the peak of longi-
tudinal plasmon absorption.

To characterize the concentration variation of NRs along
the axis x crossing the electrode �2� near its tip, Fig. 1�d�, we
measured the transmittance T� of linearly polarized �along x�
light as a function of x. The wavelength � was chosen at
460 nm, for which the anisotropy of light absorption is small,
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FIG. 1. �Color online� Flat glass sample �1� with two electrodes ��2� and
�3��, filled with short Au NRs dispersed in toluene �4�. At zero field, the
dispersion is isotropic �a� and produces a dark texture �b� under the
microscope with crossed polarizers A and P. When the voltage in on
�U=170 Vrms, f =100 kHz�, a birefringent cloud of aligned NRs accumu-
lates near the electrode �2� ��c� and �d��.
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so that the variation of T� is determined mostly by the con-
centration gradients. We determine the ratio k�x�=�U�x� /�0

=ln T��x� / ln T�,0 as the measure of how much the local filling
factor �U�x� of Au NRs in the field is larger than the filling
factor �0=constant in zero field. The spatial variation k�x�
clearly indicates that the NRs are accumulated in the region
of high field, Fig. 2�a�. The maximum k is �20, correspond-
ing to �U�0.01–0.02, Fig. 2�a�.15

To quantify birefringence near the electrode, �nmax,
we selected a small circular region of diameter 5 �m
�marked in Fig. 1�d��, centered at the point of the maximum
k�x� and measured transmission of light polarized parallel to
the x axis �T��, perpendicular to it �T�� and at the angle of
45º �T45�, as the function of �, and calculated the quantify
�= �� /2��cos−1��4T45− �T� +T��� /2�T�T�	, Fig. 2�b�. � is a
quantitative equivalent of the true optical retardation of an
absorbing material16 �� would represent a true retardation if
all NRs are aligned in the plane of the cell�. � is significant,
reaching 	190 nm at 650 nm, Fig. 2�b�. By approximating �
as h�nmax, where h
�2–4��m is the effective pathway of
light through the assembled NRs, one estimates �nmax
�� /h�−�0.1−0.05� at �=650 nm, comparable to birefrin-
gence of liquid crystals.14 When the electric field is on,
�n�x� changes from �n=0 at large distance 
x�10 �m
from the electrode surface, to �nmax�−�0.1−0.05� at 
x

1 �m; for smaller 
x�1 �m, the value of �n�x� might
drop again because of the apparent depletion effect.15 In the
field off state, �n=0 for all distances 
x. The gradients cre-
ated by the field-induced concentration and orientation of
NRs near the central electrode are sufficient to cause experi-
mentally observed effects in the cylindrical cells described
below.

Cylindrical capillary. A cavity of diameter 14 �m in a
cylindrical glass capillary of diameter 57 �m is filled with a
dispersion of Au NRs, Figs. 3 and 4. The electric field is
created by coaxial cylindrical electrodes, one being a copper
wire �2� of diameter 2a=3 �m running along the axis and
the second one formed by a transparent indium tin oxide
�ITO� deposited on the external surface �3� of the capillary.
The radial field Er�1 /r decreases with the distance ra
from the wire. The field accumulates and aligns the NRs near
the central electrode �2�, Figs. 3�b� and 3�c�.

The most striking optical feature is that the applied field
weakens the shadow of nontransparent central electrode �2�,

FIG. 2. �a� Applied voltage U=170 Vrms, f =100 kHz causes an increase
in the filling factor � that changes along the axis x marked in Fig. 1�d�; data
are presented for short NRs; �b� the long NRs assembly is birefringent near
the electrode �2�; the effective optical phase retardation � is measured as a
function of � in the circular region marked in Fig. 1�d�.

FIG. 3. �Color online� �a� Cylindrical glass capillary �1� with an axial
copper wire electrode �2� and a transparent electrode at the outer surface
�3�, filled with long Au NRs in toluene �4�, and fixed in polymerized
optical adhesive �5�. Microscope textures �parallel polarizers� of a capillary
filled with the long NRs when the field is off �b� and on, U
=170 Vrms, f =100 kHz �c�. Electric field-induced redistribution of Au
NRs changes the profile of light transmission through the capillary for the
light polarization E perpendicular to the capillary �d�, but not for E parallel
to the capillary �e�. Continuous trace: field on, dashed trace: field off.
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observed in the orthoscopic mode under the microscope with
parallel polarizers. The effect is wavelength and polarization
dependent. Figure 3�d� shows light transmittance for the red
component of the red green blue signal measured by the
video camera, �= �550–700� nm. The shadow reduction is
noticeable for light polarized perpendicularly to the capillary,
see Fig. 3�d� and video �Fig. 4� but not for parallel polariza-
tion, Fig. 3�e�. The effect in Fig. 4 is an “imperfect” experi-
mental version of the cloak model proposed by Cai et al.3

The local refractive index changes from a smaller value
n��x��n� near the central electrode, to a larger value n�


n�
nt at the periphery. This index gradient bends the
light rays around the electrode, thus reducing its visibility.
Propagation of light with parallel polarization is hardly af-
fected by the electric field, as n�
nt
constant.

The contribution of Au NRs to the effective n� can be
roughly estimated as n� 
��1−�U�nt

2+�UnNR
2 , where nNR

2 is
the �real part of� dielectric permittivity of Au at optical fre-
quencies, e.g., nNR

2 
−20 at 700 nm �Ref. 17� �NRs do not
change n�
nt, since their response to the perpendicular
light polarization is weak�.3 For �U
0.01–0.02, one finds
n� 
1.34–1.42 and thus �n
−�0.16–0.09�, similar to the
experimental data. If PS is aligned around the NRs, it can
influence �n, too. For stretched PS, ��nPS�
0.0006.18 If the
entire 20 �m thick cell is filled with such a birefringent PS,
its phase retardation would contribute only about 12 nm to
the much larger values of � in Fig. 2�b�.

Let us estimate the dielectrophoretic force acting on a
NR. In dipole approximation,6 FDEP
�� /8�d2L�t Re���NR

�

−�t
�� /�t

�	� �Ee,rms�2, where �d2L /8 �10−23 m3, �t=2.4�0,
�0=8.854�10−12 C / �V m�, and Re���NR

� −�t
�� /�t

�	
= ��2��NR�t−�t

2�+ ��NR�t−�t
2�� / ��2�t

2+�t
2� is the real part of

the function of complex permittivities ��=�− i� /� of the
NR and the medium �subscripts “NR” and “t,” respectively�,
� is conductivity, �=2�f . With �NR=6.9�0, �NR=4.5
�107 S /m,16 �t�5�10−11 S /m,19 f =105 Hz, Ee
�106 V /m, and the scale of gradients �10–100� �m, one
estimates FDEP��10–100� pN, above the random forces of
Brownian nature, F�kBT /d��0.1–1� pN at room tempera-
ture T. Note that field-induced condensation of NRs takes
place over extended regions of space; it is also reversible, as
the NRs randomize their orientation and position once the
field is switched off. The structures in Figs. 1�d� and 3�c�–

3�e� are stationary as follows: once established within a few
seconds after the field is applied, they do not evolve if the
field is kept constant. These features suggest that the NRs
repel each other. The natural mechanisms are steric and elec-
trostatic; they exist even when the field is zero. An interest-
ing source of repulsion is the external field itself as follows:
the field-induced dipoles in NRs repel each other if the NRs
are located side-by-side.

Experiments above demonstrate that a nonuniform elec-
tric field applied to a colloidal dispersion of submicron Au
NRs, is capable of concentrating the particles in the region of
the maximum field and also to align them parallel to the
field. The effect induces gradient refractive index for polar-
ized light that is decreasing from the high-field region to the
low-field region. In the cylindrical sample, the effect repre-
sents an imperfect experimental realization of the theoretical
cloak model proposed by Cai et al.,3 as evidenced by a miti-
gated shadow of a nontransparent object, in our case the
central electrode �2�, see Figs. 3 and 4 and Ref. 20.
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FIG. 4. �Color online� Periodic change in visibility of the central
electrode in a cylindrical capillary filled with dispersion of short Au NRs
in toluene, under the applied voltage 170 Vrms, 100 kHz, modulated with
a frequency of 0.5 Hz. Observation under the microscope with light
polarized normally to the capillary axis. �enhanced online�. �URL:
http://dx.doi.org/10.1063/1.3278442.1�
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