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The spectrally- and polarization-resolved absorption cross-sections of a single gold nanorod have been
investigated using the spatial modulation spectroscopy technique. The ensemble of its optical features, that
is, longitudinal and transverse surface plasmon resonances and interband absorption, has been quantitatively
characterized. The results are compared with numerical simulations using the discrete dipole approximation
and the finite element method, yielding information on the investigated nanorod size and shape.

Reduction of the size of a metal particle down to a nanometric
scale is accompanied by large modifications of its optical
properties, with apparition of new resonances. These features,
the surface plasmon resonances (SPR), and the possibility of
adjusting them by modifying the size, shape, structure, and
environment of the nanoparticles are at the origin of the interest
they have attracted during the past decade. Among the different
synthesized nanoobjects, nanorods are of special interest because
of the large amplitude and the tunability of their SPR, whose
spectral position can be adjusted from the visible to the near-
infrared by adapting their aspect ratio.1 This opens up many
possibilities for applications such as enhanced Raman scatter-
ing,2 sensing or imaging,3 or local heating for medical
applications.4,5 Furthermore, the large sensitivity of the SPR
characteristics on the nanorod shape makes it an efficient tool
for monitoring the rod-growing mechanism itself.6 Actually,
slight modifications of the fabrication procedure can lead to large
changes of the nanorod morphology and size.7 Key structural
parameters, such as aspect ratio, cap-end shape, and volume of
the particles, are frequently polydispersed, resulting in a strongly
inhomogeneous optical response. This dispersion is preventing
not only precise comparison of the experimental and computed
spectra but also quantitative analysis of nanorod efficiency in
applications such as those based on field enhancement effect.
This limitation can be overcome by investigating a single
nanorod. Scattering-based techniques have yielded precise
spectral information on the main SPR of a nanorod, that is,
corresponding to light polarized along its long axis.6,8,9 However,
full analysis of the optical response of a single gold nanorod,
including quantitative investigation of its transverse SPR and
interband absorption cross-sections, has not yet been performed.
Furthermore, quantitative measurements yield important infor-
mation for most applications, providing insight in the amount
of absorbed light energy per nanorod or the amplitude of the
field enhancement effect, for instance. Actually, for the usually
investigated sizes (nanorod diameter in the 15-20 nm range),
the optical response, especially around the transverse SPR, is

dominated by absorption, making difficult a full characterization
in scattering experiments.

Absorption-based methods for optical detection and spec-
troscopy of single metal nanoparticles have been recently
demonstrated, thereby enabling, in particular, quantitative de-
termination of the extinction cross-section of a nanoobject down
to a few nanometers.10,11 This opens up the possibility of detailed
determination of the optical response of a single nano-object
over a large spectral range. Using the spatial modulation
spectroscopy (SMS) technique,10,11 we have performed the first
quantitative absorption spectroscopy of a single gold nanorod.
Light-polarization dependent measurements allow us to identify
the origin of the absorption features and to identify longitudinal
and transverse SPR and interband absorption. The measured
spectrally resolved extinction cross-sections have been quanti-
tatively compared to numerical calculations based on the discrete
dipole approximation (DDA) and finite element method (FEM),
yielding information on the volume, aspect ratio, and shape of
the investigated nanorod.

The gold nanorods are synthesized using a revisited procedure
of that described in ref 2.7,13 Briefly, Au seeds are produced by
mixing 1.25 mL of 0.002 M aqueous HAuCl4 solution and 2.74
mL of 18 MΩ water in a test tube and then adding 3.76 mL of
0.20 M aqueous cetyl trimethylammonium bromide (CTAB)
solution with further mixing. Finally, 0.9 mL of an aqueous
0.01 M NaBH4 solution at 0 °C is added to the mixture, followed
by vigorously shaking the solution. The growth solution (total
volume of 8 mL) contains HAuCl4 ·3H2O (4.0 × 10-4 M),
CTAB (0.095 M), and Ag+ (6.0 × 10-5 M), and the molar ratio
of reducing agent (6.4 × 10-4 M) to [AuCl4

-] is kept at 1.6:1;
they are added in a test tube one by one in that order. In the
final step, the 2 h aged seed solution is added into the growth
solution, and the final seed concentration [Au] seed is 5.0 ×
10-7 M. The mixed solution is vigorously stirred for 20 s and
then left undisturbed overnight.

The synthesized gold nanoparticles were characterized by
transmission electron microscopy (TEM). A large majority of
nanorods were observed, with only few particles with other
shapes, mostly nanocubes (inset of Figure 1). Their length (L)
is in the 40-60 nm range with a width (D) between 15 and 20
nm, corresponding to aspect ratios (η) ranging from 2 to 4. As
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expected for nanorods, the ensemble absorption spectrum of
the aqueous solution (Figure 1) exhibits two main resonances.
The red-shifted peak at 680 nm corresponds to the longitudinal
surface plasmon resonance. It is associated to the dipolar
response of each nanorod polarized along its long axis (i.e., to
electron oscillation along this direction induced by the incoming
electromagnetic field). Its peak wavelength is known to strongly
depend on the nanorod aspect ratio (η).14–16 The spectral position
of the second resonance at 515 nm is consistent with the
estimated wavelength of the transverse SPR of an ellipsoid (i.e.,
its dipolar response polarized along its short axis). In addition
to transverse SPR of the nanorods, the resonance at 515 nm
also contains contributions from other nanoparticles present in
the solution.

The extinction spectra of individual gold nanorods are
measured using the spatial modulation technique.10,11 This
method is based on modulating, at a frequency (f) in the kHz
range, the position of the studied nanoparticle in the focal plane
of a tightly focused light beam. For this purpose, we use a
transmission microscope consisting of two 100×, N.A. ) 0.8
microscope objectives. The transmitted intensity is detected by
a Si-photodiode and demodulated at the fundamental (f) or
harmonic (2f) of the modulation frequency using a lock-in
amplifier. The demodulated signal amplitude gives direct access
to the nanoparticle extinction cross-section (σext).11 Because of
the limited spatial resolution of this far-field technique, dilute
samples have to be prepared (with a surface density of typically
less than one particle per square micrometer). This is done by
spincoating onto a glass substrate a drop of the gold nanorod
solution after addition of a polymer (PVOH). Nanoparticles
embedded in a thin layer of polymer are thus obtained, providing
them with a relatively homogeneous environment. The sample
is mounted on the piezoelectric shaker, and the ensemble is
displaced in the focal plane by a X-Y piezo-stage for two-
dimensional (2D) imaging of the sample surface. For σext

spectrum measurements, this system is associated to a broadly
tunable source.11 This is based on supercontinuum generation
in a photonic crystal fiber injected by a femtosecond pulse train
delivered by a homemade 20 fs Ti/sapphire oscillator working
at 780 nm. A spectral bandwidth of about 3 nm is filtered out
of the generated unpolarized white-light continuum using a
grating pair system. After selection of a linear polarization
direction, it is used as the light source for the spatial modulation
microscope. In these studies, both absorption and scattering
contribute to the measured extinction cross-section. However,
for a small particle the latter yield a small contribution, and

absorption dominates the observed extinction. This is the case
for the single nanorods investigated here (see below).

Polarized extinction spectra measured for different single gold
nanorods are shown in Figure 1. For these spectra, the
polarization of the incident light was rotated to maximize the
amplitude of extinction in the 600-700 nm range. The shape
and strong dependence of the resonances on the linear polariza-
tion of the incident light is characteristic of a nanorod-like object.
Most of the investigated nanoparticles show this spectral
signature, with only few particles exhibiting different wavelength
and polarization responses. These deviating spectra have been
attributed to the presence of nano-objects with different shapes,
in agreement with TEM measurements (Figure 1, inset), and
will not be discussed here.

The extinction around the long wavelength resonance at about
630 nm is strongly polarization dependent (Figure 2). This is
better shown by plotting the measured extinction cross section
as a function of the polarization direction (R) of the incident
light defined in the laboratory frame (Figure 3). As expected
for the longitudinal surface plasmon resonance of a small
nanorod, a purely dipolar behavior is observed with a very high
polarization contrast ratio exceeding 102 (ratio between the
maximum and minimum extinction cross sections, Figure 3a).
This polarization dependence is lost by orientational averaging
in ensemble measurements. In single particle experiments, the
maximum amplitude corresponds to the nanorod long axis whose
orientation on the substrate can thus be precisely determined.
Defining it by the angle RL relative to the laboratory frame and
fitting the data using eq 1,

σext(R;λ)) σ|(λ)cos2(R-RL)+ σ⊥ (λ)sin2(R-RL) (1)

RL ) 87 ( 1° is obtained for the nanorod displayed in Figure
2. The extinction cross-section at the longitudinal SPR wave-
length is precisely determined; σext(RL) ) σ| ) 9.2 × 103

nm2(with σ⊥ ≈ 0). Note that σext can be crudely estimated from
the ensemble spectrum by assuming that all the gold ions are
reduced and using the nanorod mean size. The obtained value
of 2.5 × 103nm2 at the mean SPR wavelength is of the same
order of magnitude but is considerably smaller than the one
measured for individual nanorods, because of the SPR inho-
mogeneous broadening.

Actually, spectra recorded for different single nanorods show
a large dispersion of the SPR wavelength (Figure 2 inset),
ascribed to fluctuations in the nanoparticle aspect ratio and/or

Figure 1. Absolute cross sections spectra measured for three different
single gold nanorods, for a light polarization direction maximizing the
amplitude of their main resonance (triangles, dots, and squares). The
full line is the ensemble spectrum of the colloidal solution on an
arbitrary scale. The inset shows a TEM image of the nanorods.

Figure 2. Absolute extinction cross-section of a single gold nanorod
measured using the SMS technique. The two spectra (dots and triangles)
have been obtained for two orthogonal linear polarizations (R ) 87°
and 177°). Insert: Full width half-maximum (fwhm) of the main
resonance as a function of its wavelength measured in different single
nanorods. The dotted line is the computed width using eq 2 with the
dielectric function of gold reported by Johnson and Christy.17
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environment. This translates into a large inhomogeneous
broadening of the SPR feature measured in ensemble, which
exhibits a much larger width than for a single nanorod (Figure
2). For the latter, the measured full width half-maximum (fwhm)
Γ corresponds to the intrinsic one due to SPR damping. Its
increase with decreasing the SPR wavelength λext and its
absolute value are consistent but slightly smaller than previous
dark-field scattering measurements (about 75 meV as compared
to 80 meV for λext ≈ 730 nm).8,9 As a first approximation, the
theoretical longitudinal SPR width can be estimated from the
extinction cross-section of a spheroid in the quasistatic ap-
proximation, which has the advantage of taking a simple analytic
form.18 A quasi-Lorentzian profile for the SPR is obtained if
the imaginary part (ε2) and interband contribution to the real
part of the metal dielectric function are weakly dispersed around
the SPR frequency (ωR).19,20 Its width (Γ) can then be properly
defined and takes the same form as in a nanosphere under the
same approximations,

Γ)
ωR

3

ωp
2
ε2(ωR) ≈ γ+

ωR
3

ωp
2
ε2

ib(ωR) (2)

where ωp is the plasma frequency, γ is the mean conduction
electron scattering rate, and ε2

ib is the interband contribution to
ε2. These approximations are valid when the SPR is away from
the metal interband transitions, as in the case of gold nanorods
or silver nanospheres.19,20 For scattering cross-sections, the same
width is computed, under the same approximations. The
measured data are in excellent agreement with the estimated Γ,
using the bulk ε2 values reported by Johnson and Christy,17

without introducing additional broadening effects such as
electron-surface scattering or radiative damping. This confirms
that they play minor roles and that Γ is dominated by bulk-like
electron interaction effects for the investigated sizes.9 In the
long wavelength range, Γ is set by the electron scattering rate
(γ) and is thus almost constant. In the short wavelength range,
ε2

ib increases, reflecting the rise of the interband absorption. SPR

damping due to interband electron excitation becomes signifi-
cant, leading to the observed increase of Γ (Figure 2, inset).8

Our data are also consistent with the values of Γ reported by
Palik,21 with the main difference being the prediction of a larger
long wavelength Γ value: about 85 meV instead of 69 meV,
the experimental value being 72 meV (detailed comparison is,
however, difficult because of the large energy step of the ε data
in the wavelength range of interest).

In the small wavelength range, below 550 nm, a weak
resonance is observed around 510 nm for light polarization
perpendicular to that maximizing the 630 nm SPR. This is better
observed by plotting the measured extinction cross-section as
a function of the light polarization direction. A maximum
amplitude is observed for light polarization directions RT ≈ 357
or 177° with, conversely to the long wavelength resonance, only
a weak contrast of about 1.1 (Figure 3). In this spectral range,
absorption is dominated by the polarization independent inter-
band transitions in gold. The observed weak polarization effect
is ascribed to enhancement of this absorption by the transverse
surface plasmon resonance that is observed for the first time on
a single nanoparticle here. Its amplitude is strongly reduced by
its large broadening, a consequence of its overlap with the
interband transitions.

The large sensitivity of the optical response of a nanorod on
its geometry (volume, aspect ratio, and tip shape) reflects in
the uncorrelated rod-to-rod variation of its SPR wavelength and
amplitude (Figure 1). In particular, for an ellipsoid of fixed
volume, σext is expected to increase with λR,22 in contrast to
the experimental observation (Figure 1), probably because of
volume fluctuations. This is an important parameter for ap-
plication, absorption, or field enhancement effects strongly
depending not only on the nanoparticle aspect ratio but also on
its full size. It can be addressed here since the absolute σext

value is determined. To more precisely analyze the impact of
the nanorod shape and size, we have quantitatively compared
our experimental data with that of numerical modeling. Discrete
dipole approximation (DDA) or finite element method (FEM)
were used, both approaches permitting description of an arbitrary
shape nano-object.23–26

In the DDA method the studied nano-object is represented
as a cubic lattice of N polarizable point dipoles subject to a
monochromatic plane wave.23 The obtained complex linear
equations were solved with the code adapted by Draine and
Flatau.27 An important parameter is the number of dipoles
mimicking the homogeneous particle to converge the computed
physical quantities.28 As cross-sections are accurate to a few
percent for typically N ≈ 104 dipoles, about 4 × 104 dipoles
were used here. FEM simulations were performed with the
COMSOL Multiphysics software. The electric field around
the nanorod was computed using both the weak form and the
scattered field formulation.26 To avoid spurious reflection effects
at the simulation zone boundaries, perfectly matched layers
(PML) were used as an anisotropic absorber coating the matrix
in which the nanorod is embedded.26 Absorption and scattering
cross-sections were computed by integrating the absorbed power
over the nanorod volume and the Pointing vector flux over the
matrix boundary, respectively. Both mesh and PML parameters
were optimized to give excellent agreement with the Mie theory
for spherical particles.

In both calculations, the gold nanoparticles were described
using the bulk dielectric function (ε) measured by Johnson and
Christy,17 as they yield the best agreement with the measured
longitudinal SPR width (Figure 2). Furthermore, using the ε
data reported by Palik leads to additional structures that only

Figure 3. Linear and polar plot of the polarization dependence of the
extinction cross section measured for the gold nanorod of Figure 2 at
the longitudinal (panels a and b, λ ≈ 630 nm) and transverse (panels
c and d, λ ) 515 nm) SPR (the latter data are also shown in panel b).
The dashed lines in panels a and b are fit of the experimental data
using eq 1, with RL ) 87°, σ|(630 nm) ) 9.2 × 103 nm2, and σ⊥ (630
nm) ) 0; σ| (515 nm) ) 510 nm2 and σ⊥ (515 nm) ) 570 nm2.
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reflect the unsmoothness of the measured ε1 in this range.29

These new resonances, predicted in the 500-600 nm wavelength
range (particularly visible for small aspect ratio nanorods []),
are neither observed experimentally nor obtained by using the
Johnson and Christy data. Following previous results performed
in similar conditions for nanospheres,10 the dielectric constant
of the polymer environment was assumed to be homogeneous
with εm ) 2.1. Because the optical response depends on the
nanoparticle shape, and to mimic the actual one observed with
TEM (Figure 1), simulations were performed for cigar-like
shaped particles formed by a cylinder of length l, diameter D,
and capped by hemispheres of radius D/2 (Figure 4b and shape
III in Figure 5). The remaining parameters in comparing the
experimental and simulated extinction cross-sections (σext) are
thus only l and D, which translate into the particle volume (V)
and aspect ratio, Γ ) 1 + l/D. The former essentially sets the
amplitude of σext and is actually the only parameter in the
interband transition region (λ e 500 nm). In contrast, as for a
prolate ellipsoid, the latter determines the wavelength and
amplitude of the SPRs with a much larger sensitivity for the
longitudinal one (Figure 5, inset).

A good reproduction of the measured extinction spectra for
different single nanorods is obtained with a cigar-like shape

(shape III in Figure 5) as illustrated in Figure 4. The DDA and
FEM models yield similar results, with deviation of the
computed peak wavelength of less than 5 nm. Both the
amplitude and the shape of the polarization-dependent spectra
are well-reproduced assuming D ) 25.5 nm and a full length L
) l + D ) 50 nm (the incident light polarization is polarized
either along the short or long axis of the rod, the latter being
identified with the 90° direction). In both cases, as expected
for relatively small rods, absorption strongly dominates over
scattering, with the latter contributing less than 20% and 5% of
the extinction at the longitudinal and transverse SPR wavelength,
respectively (Figure 4b). For light polarized along the rod axis,
excellent reproduction of the spectral position, width, and
amplitude of the main resonance is obtained. In particular, the
computed fwhm of about 115 meV is in excellent agreement
with the estimated one using eq 2 (Figure 2, inset). Furthermore,
as observed experimentally (Figure 3), a dipolar type of
dependence of σext on light polarization is computed at the
longitudinal SPR wavelength with a much smaller variation than
that of the transverse SPR (Figure 4). Actually, although the
amplitude of the interband transition is also well-reproduced
away from the SPR, the computed properties of the latter
significantly differ from the experimental one; its calculated
spectral position is slightly red-shifted and, concomitantly, its
amplitude is larger (its broadening due to overlap with the
interband transitions being reduced).

This discrepancy can probably be ascribed to the nanorod
geometry chosen for the calculation. Although the used shape
seems more realistic than the pure cylinder16,30 or the ellipsoidal
model, it contains a degree of arbitrariness. Actually, the shape
of the end caps has an important impact on the calculated
position and amplitude of the SPR.31,32 This is illustrated in
Figure 5, showing the red-shift and peak amplitude increase of
the longitudinal SPR when flattening the nanorod caps, that is,
evolving from a prolate ellipsoid (I) to a quasicylinder (IV),
keeping the same aspect ratio (the extinction cross-section is
normalized to the nanorod volume to show only its shape
dependence). This evolution is similar to that induced by an
increase of the nanorod aspect ratio (inset of Figure 5 for a
cigar-like rod). Actually, as the cap shape differently influence
the longitudinal and transverse SPR, it constitutes an additional
parameter to better reproduced the experimental data.31,32 Using
the relative extinction cross-section of the two SPR as the
relevant criterion, a very good reproduction of the data is
obtained, sharpening the nanorod shape. However, although this
shape modification yields excellent results, it might compensate
for other effects such as slight nanorod asymmetry or local
variation of the dielectric constant of the surrounding matrix.
More detailed experimental-theoretical comparison requires
limiting the number of involved parameters, for instance, by
performing electron microscopy and optical measurements on
the same nanoparticle.33,34

In conclusion, the extinction spectra of single nanorods have
been investigated using the spatial modulation technique. In
contrast to previous scattering based studies of single nanorods,8,9

the measured signal yields access to the absorption of a single
nanorod. This permits observation of both its longitudinal and
transverse surface plasmon resonances. The additional informa-
tion brought by determination of the absolute value of the
extinction cross-section and measurement of the transverse SPR
permit detailed comparison with theoretical models. Quantitative
agreement with the results of DDA and FEM simulations is
obtained by assuming a nanorod with a cigar-like shape. These
results open up many possibilities for precise investigation of

Figure 4. (a) Computed (dashed lines) and measured (triangles)
absolute values of the extinction cross section of a single nanorod for
two linear polarizations parallel or perpendicular to the main rod axis.
A cigar-like shape with an aspect ratio of η ≈ 2 is assumed in the
calculation. Inset: polar plot of the computed extinction polarization
dependence close to the longitudinal λ ) 640 nm (red dots) and
transverse λ ) 525 nm (blue thick line) SPRs. (b) Computed absorption
(dashed lines) and scattering (dash-dotted lines) contributions to the
optical extinction (full lines) for light polarized perpendicular (blue-
shifted resonance, with amplitude multiplied by 9) or along (red-shifted
resonance) the main rod axis. The images show the electric field
amplitude around the particle for light polarized along the long (short)
axis at 640 (525) nm.

Figure 5. Longitudinal surface plasmon resonance wavelength (dots)
and peak extinction cross section per unit nanorod volume (squares)
computed for four different gold nanorod shapes. They all correspond
to a total rod length of 30 nm and a diameter of 15 nm (η ) 2). Inset:
calculated dependence of the extinction spectrum on the nanorod aspect
ratio η ) 1.75 (solid, black), 2 (dashed, red), 2.15 (dash-dotted, green),
and 2.5 (solid, blue), for a cigar-like shape (III).
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detailed shape effects on the optical properties of metal
nanoparticles and for their in situ characterization before
nonlinear optical studies.35 Such precise quantitative investiga-
tion is also a prerequisite for using single nanoparticle as a
calibrated local absorber or local field enhancer.
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