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The complex optical polarizability of a nano-oscillator determines the way it couples to light and to other
nano-objects in its environment. Hence, its experimental evaluation at the single-particle level represents a
crucial task in nano-optics. In this work we demonstrate that both phase and amplitude of a nanoresonator
polarizability, which are embedded in its near-field response, can be decoupled by combining near-field and
confocal far-field extinction imagings. The interpretation of our measurements based on a simple analytical
model is further confirmed by finite-difference time-domain calculations.
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Introduction. Noble-metal nanoparticles have been the
subject of an impressive amount of experimental studies over
the last decade because of the broad variety of their applica-
tions in nano-optics. Their appeal lies in the occurrence of
localized surface plasmon �LSP� resonances at visible and
near-infrared frequencies, which significantly influence the
particle polarizability and produce large local-field enhance-
ment �up to several orders of magnitude� and confinement
�on the nanometer scale�. It has been shown that noble-metal
nanoparticles can be employed as nanoresonators for visible-
light enhancement1–6 and that, in array structures, they can
efficiently transport and guide light below the diffraction
limit,7,8 demonstrating the possibility of creating LSP-based
networks for light manipulation at the nanoscale.9 To achieve
the best design for such complex systems both analytical
modeling10 and experimental far-field studies11 have been
carried out.

Generally, the optical properties of an ellipsoidal nanopar-
ticle can be described within the framework of the general-
ized Mie theory or, for more complicated structures, by
means of numerical simulations. In practice, plasmonic nan-
oresonators are greatly affected by the particle morphology:
small imperfections can induce shifts in the resonance fre-
quency and affect the resonator quality factor.12 For this rea-
son, ensemble measurements on metal nanoparticles suffer
from inhomogeneous broadening. The ideal solution for
characterizing the optical performances of nano-oscillators
would thus be addressing single nanoparticles. In this re-
spect, the ability of retrieving the phase response of an indi-
vidual nano-oscillator is of fundamental importance in novel
applications based on coherent control of phase and polariza-
tion to guide light via nanoparticle arrays.13–15 In particular,
light propagation in such plasmonic networks is effectively
determined by the optical phase response of each single ele-
ment, which influences the phase relation between different
components of the propagating electromagnetic wave and
rules the interference phenomena that lead to efficient propa-
gation.

A number of works in the literature have reported single-
particle extinction or scattering measurements addressing the
LSP spectral behavior by either far-field confocal optical
microscopy16–18 or scanning near-field optical microscopy
�SNOM�.19–23 Scattering and extinction cross sections in far-
field experiments can be directly related to the absolute value

and imaginary part of the particle polarizability,24 respec-
tively. Stoller et al.18 developed a method to experimentally
address the complex polarizability of single gold nanopar-
ticles by combining coherent white-light illumination and
differential interference contrast far-field microscopy. An-
other far-field method to retrieve phase information from a
nano-object has been theoretically proposed by Hwang et
al.25 and recently applied to nanocrystal quantum dots.26

It is now established that near-field extinction spectra bear
a strong signature from the phase of the particle polarizabil-
ity as a result of interference between the radiation from the
tip and that from the plasmon excited by the near-field com-
ponent of the incoming light.20 However, the particle near-
field response is a function of both the phase and the ampli-
tude of the LSP oscillation, hence an additional measurement
would be required in order to experimentally separate the
two contributions. Moreover, near-field experiments are in-
fluenced by the complex spectral dependence of the propa-
gating and evanescent light components in proximity of the
aperture and can be affected by the probe-particle coupling,
which might results in a shift of the particle resonance fre-
quency. For these reasons, near-field techniques have not
been applied so far to the task of experimentally reconstruct-
ing the complex polarizability of single metal nanoparticles.

In this work, we show that the combination of far-field
and near-field imagings can be effectively exploited to ex-
tract the phase response of an optical nano-oscillator and
therefore to determine both the phase and the amplitude of
its complex optical response. In particular, this method is
demonstrated by applying extinction imaging to single gold
nanorods.

Experimental. In order to determine the particle complex
polarizability, both the near- and far-field responses need to
be evaluated in on- and off-resonant conditions. This can be
achieved by �i� measuring the response of a particle at dif-
ferent wavelengths or �ii� considering particles with different
size at a fixed excitation wavelength. In the following we
will apply the second solution on an ensemble of length-
varying nanorods in order to disregard the frequency-
dependent near-field response of the probe. This allows in-
terpreting the results within a much simpler and reliable
analytical model.

The investigated sample consists of an array of Au nano-
rods fabricated by electron-beam lithography on a fused
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silica substrate coated with 95-nm-thick indium tin oxide.27

The nanorod major axis length l ranges from 80 to 240 nm in
steps of 10 nm, while the cross section is rectangular �height
�20 nm; width �50 nm� with smoothed edges. The inter-
particle spacing is 2 �m. When illuminated with linearly
polarized light parallel to the major axis, the particles display
an l-dependent first-order longitudinal LSP resonance in the
500–1500 nm wavelength range27,28 associated to a dipole
charge distribution. In such configuration, the particle elec-
tric behavior can be described by a complex polarizability
tensor.

Near-field and far-field optical extinction images are col-
lected with a commercial microscope that combines a
SNOM system and a transmission confocal scanning micro-
scope �AlphaSNOM, WITec GmbH�. Monochromatic illumi-
nation is provided by a cw laser diode at 840 nm. For far-
field imaging, the sample is illuminated by a 0.8 numerical
aperture �NA� objective, while transmitted light is collected
in a confocal geometry by a 0.75 NA objective. The collected
light intensity is measured by a Si photodiode through a
25 �m pin-hole for background rejection. Single-particle
far-field extinction maps are collected while the sample is
raster scanned between the objectives. Near-field imaging is
performed with a hollow-pyramid SNOM probe �aperture
diameter �100 nm�, which is placed in the focus of the
illumination objective by a mechanical piezoelectric actuator.
This ensures that the whole optical system is left unchanged
between far-field and near-field analyses except for the pres-
ence of the tip. The polarization state of the light is linear
and parallel to the nanorod major axis for both far- and
near-field29 imagings. Probe-sample distance is stabilized by
a “soft” tapping mode with low oscillation amplitude
��2 nm, close to the so-called “noncontact regime”�.30 In
this regime the tip-particle interaction is strongly reduced. As
shown below, this results in a negligible spectral shift of the
nanorod LSP resonances.31

As a comparison with the experimental results, we have
also performed finite-difference time-domain �FDTD�
simulations,32 considering a single nanorod illuminated by a
focused Gaussian beam �NA=0.8�. The net Poynting vector
flux is calculated in transmission geometry, collected with
NA=0.75 in order to fully adhere to the far-field experimen-
tal setup. The geometry of the simulated nanorods is defined
according to their dimensions, with smoothed apexes to bet-
ter reproduce the shape observed in scanning electron mi-
croscopy �SEM� images.

Results and discussion. Near-field extinction maps of the
gold nanorods are reported in Fig. 1. Panels �a�–�g� show
rods with l ranging from 90 to 150 nm. Line profiles ex-
tracted from the images �Fig. 1�h�� allow us to calculate a
near-field contrast factor for each nanoparticle defined as

Cnf =
Inf − I0,nf

I0,nf
, �1�

where Inf is the light intensity measured when the collection
objective and the tip are axially centered on the particle,
while I0,nf is the background, i.e., the transmitted intensity
through the tip and the glass substrate away from any par-
ticle. The contrast Cnf as a function of the particle length is

shown in Fig. 1�i� �diamonds�, from which it can be clearly
seen that Cnf�0 �Cnf�0� for l�110 nm �l�110 nm�,
meaning that short �long� nanorods appear brighter �dimmer�
than the substrate. A similar optical response has already
been reported in the literature to explain the results of an
experiment complementary to ours, in which the near-field
extinction spectrum of a single particle was collected after
broadband excitation. Such a behavior can be interpreted by
recalling that the signal measured by the detector is the result
of interference between the light emitted by the tip apex and
the light scattered by the particle.20,33 These two contribu-
tions can also be thought, in the far field, as generated by two
oscillating dipoles: p located at the tip apex34 and prod asso-
ciated with the plasmon oscillation induced on the nanorod
by a driving field E describing the excitation due to the tip
near field. The radiant intensity in a given direction can thus
be expressed through the superposition of these two dipoles:

dInf

d�
� �p + prod�2 � p2 + 2�

i,j
pi

�Ej Re��i,j� , �2�

where �ij represents the nanorod polarizability tensor and �
is the solid angle. In Eq. �2� we have neglected the second-
order terms in E since the light scattered by the rod repre-

(h)
120

140

160

180

200

4 8 12 16 20 24 28 32 36

Position ( m)�

P
o
w

e
r

(f
W

)
C

n
e
a
r-

fi
e
ld

Rod length (nm)

60 80 100 120 140 160 180 200 220 240

-0.4

-0.3

-0.2

-0.1

0.0

0.1 Experimental Data

FDTD fit

a b

(i)

c

d

e f

g

(a)

(b)

(c)

(d)

(e)

(f)

(g)

110

fW

210

FIG. 1. �Color online� ��a�–�g�� Near-field extinction images of
gold nanorods �rod lengths �a� 90, �b� 100, �c� 110, �d� 120, �e� 130,
�f� 140, and �g� 150 nm�. The arrow in panel �a� indicates the
incident light polarization. Scale bar is 300 nm. �h� Line profile
extracted from the near-field extinction map of the nanorod array.
�i� Near-field contrast �diamonds�. Error bars evaluated from the
noise in the images are within the width of the symbols. The solid
line represents the fit obtained through FDTD calculation �see text
for details�. The letters refer to the near-field maps on the left.
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sents a small contribution to the total radiation propagating
to the detector as demonstrated by the relatively low contrast
value observed in the near-field images ��Cnf��1�. With our
experimental geometry we only excite the longitudinal LSP
eigenmode and thus probe only one component of �ij,
namely, the longitudinal polarizability �lon�l�=A�l�ei��l�. We
note that different components of the polarizability tensor
can be addressed by changing the near-field polarization state
and the collection geometry �e.g., by inserting a polarizer on
detection�.

The background radiant intensity in the experiments �no
particle below the tip� can be written as

dI0,nf

d�
� p2. �3�

By integrating Eqs. �2� and �3� over the collection solid
angle and by recalling that p�E, the measured near-field
contrast can be evaluated as

Cnf � A�l�cos ��l� . �4�

Equation �4� shows that near-field extinction is sensitive
to both the amplitude A�l� and the phase ��l� of the particle
longitudinal polarizability. The proportionality factor de-
pends on the geometry of the experimental setup.31

In order to decouple A�l� from ��l� in Eq. �4� and get
experimental access to each term, we take advantage of
the possibility to acquire confocal images with the same
system on the same sample. In general, far-field extinc-

tion bears signature of both scattering and absorption
of the nano-object.16,24 However, for relatively large gold
nanoparticles �l�30 nm�, the extinction is determined al-
most completely by scattering, while absorption can be
neglected.16,35,36 The far-field contrast is hence proportional
to the square of the absolute value of the particle
polarizability:24

Cff =
Iff − I0,ff

I0,ff
� A�l�2. �5�

Panels �a�–�g� in Fig. 2 show the far-field extinction maps of
the same nanorods as in Figs. 1�a�–1�g�. From the line profile
shown in Fig. 2�h� we extract Cff�l�, which is shown in Fig.
2�i� �diamonds� together with the value obtained by the
FDTD calculations �full line�. The simulated Cff value is
found to be considerably larger �about a factor of 4� than the
measured one. The reduced absolute value for the experi-
mental contrast, compared to the simulated one, has to be
attributed to the nonideal experimental background. Apart
for this scaling factor, the signature of the LSP resonance in
Cff is well reproduced by the simulations. Discrepancies be-
tween the calculated and the experimental Cff behavior are
due to deviations of the particle size with respect to the
nominal values �about 	10%� or to the particle fine struc-
ture. This is also confirmed by SEM imaging �not shown�
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FIG. 2. �Color online� ��a�–�g�� Far-field extinction images of
gold nanorods �same as Fig. 1�. The arrow in panel �a� indicates the
incident light polarization. Scale bar is 600 nm. �h� Line profile
extracted from the far-field extinction map of the nanorod array. �i�
Far-field contrast �diamonds�. Error bars are evaluated from the
noise in the images. The solid line represents the FDTD calculation
�see text for details�
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and demonstrates the importance of single-particle character-
ization.

Note that the resonance condition is fulfilled for particles
which show a zero value in the Cnf plot20,33 and a minimum
in the Cff one. Incidentally, this behavior can be exploited to
evaluate possible probe-particle coupling effects. By inspec-
tion of Figs. 1�i� and 2�i� one can realize that the shift be-
tween the near-field resonance �zero-crossing point� and the
far-field one �minimum� is kept below the discrete length
increment in our set of particles �10 nm�.

According to Eq. �5�, we can now evaluate the pure am-
plitude response of the plasmon resonance, which can be
combined with near-field data to obtain the oscillator phase
and completely characterize the particle optical polarizabil-
ity. In practice, this can be achieved through the normaliza-
tion of Cnf �Eq. �4�� by the square root of Cff �Eq. �5��. In this
way the phase of the LSP oscillation associated with each
nanorod is given by the following relation:

cos ��l� � Cnf�l�/�Cff�l��1/2, �6�

where the proportionality factor depends on the working
conditions. The Cnf / �Cff�1/2 value obtained from our set of
data is shown in Fig. 3�a� �dots� and displays an abrupt varia-
tion around the resonance length as expected from the theory
of the harmonic oscillator. The proportionality factor in Eq.
�6� can be evaluated by considering a nanoparticle with a
well-defined phase as a reference. This is the case for off-
resonance particles, where the phase of the nano-oscillator is
equal to either 0 �Cnf�0� or 
 �Cnf�0�. The dependence of
Cnf / �Cff�1/2 on the particle length l is in excellent agreement
with the nanorod phase response from the FDTD simulations
�solid line in Fig. 3�a��, obtained by evaluating the phase of
the re-emitted field close to each particle.

The amplitude A�l� of the polarizability is proportional to
the square root of the far-field contrast, which is plotted in

Fig. 3�b� for comparison with the phase. Note that the am-
plitude is not symmetric with respect to the resonance length.
This feature reflects the size-dependent radiative damping
and depolarization effects in the particle polarizability37 and
the possible presence of a tail due to quadrupolar
resonances.28,38

Finally, to further support these experimental results and
their interpretation, we have combined the simulated
l-dependent values of the phase �Fig. 3�a�� and the square
root of the far-field extinction computed by FDTD calcula-
tions �Fig. 2�i�� in order to fit the near-field contrast Cnf ac-
cording to Eq. �4�. The result, displayed in Fig. 1�i� �solid
line�, shows a very good agreement with the experimental
data and highlights the reliability of the near-field approach.

Conclusions. In conclusion, the complex polarizability of
gold nanorods has been experimentally obtained by perform-
ing combined single-particle near- and far-field extinction
measurements. We have shown how the phase of individual
nano-oscillators can be extracted from their near-field re-
sponse �which is determined by both the amplitude and
phase of the dipole oscillator� when the far-field extinction
�containing mainly information about the oscillation ampli-
tude� is also measured. The phase and amplitude can thus be
obtained with the only exception of scaling factors depend-
ing on the geometry and detection efficiency of the optical
system. These factors can be provided, for example, by prop-
erly calibrating the system with an off-resonance reference
particle. Our results, supported by a simple analytical model
and by FDTD simulations, demonstrate the effectiveness of
such experimental method in fully characterizing the optical
response of a plasmonic nanoresonator.
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