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Abstract

Optical detection and spectroscopy of single gold
nanoparticles using the spatial-modulation
spectroscopy technique is described, focusing on the
connection between the nanoparticle and
environment parameters with the measured linear
optical extinction spectrum. Characterisation of the
size, shape and orientation on the substrate of a
nanoparticle through quantitative determination of
its optical extinction cross-section spectrum is
illustrated in the case of gold nanospheres and
nanorods. Extension of this technique to ultrafast
nonlinear spectroscopy of a single gold nanoparticle
is also discussed.

Gold Bulletin 2008 * 412

Introduction

The possibilities of designing and mastering the physical and
chemical properties of nano-structured materials has led to
considerable interest and activities in the academic and
industrial domains. The impact of size reduction on these
properties and the concomitant enhanced role of the
interfaces are here key parameters. This is in particular the
case for the linear and nonlinear optical properties of metal
nanoobjects, for which size reduction leads to the appearance
of a pronounced resonance in their optical response, the well
known surface plasmon resonance, often also referred as the
Localised Surface Plasmon Resonance (LSPR) in nanoparticles
[1-4]. To a large extent its spectral properties, wavelength
and width, can be adjusted by tailoring the particle shape
(sphere, rod, disk, triangle, cube, cage, ...), size, composition
(bi-metallic or hybrid particles), structure (core-shell) and
environment (solid or liquid matrix, porosity or anisotropy of
the surrounding material, bound molecules, presence of
other nanoobjects, ...) [3-12]. The latter dependence makes
metal nanoparticles large potential tools as optical
nanosensors of their local environment, over a range of about
their size, i.e., much smaller than the optical wavelength
[3,10-12]. Therefore, proper design of a metal nanoparticle
size and shape and detailed modelling of their effects on its
properties are important problems in nanosciences and
nanotechnology, with direct impact in the development of
plasmonic nanomaterials or on their use as chemical and
biological sensors. In this context, gold is one of the most
studied materials due to many advantages such as chemical
stability, catalytic activity of small size particle, and
biocompatibility.

Most investigations were performed on large ensemble of
particles dispersed in a liquid or solid matrix or deposited on
a substrate, yielding a good understanding of their linear and
nonlinear optical responses [2,3,8,9,13]. However, detailed
and quantitative interpretation of the obtained data and their
precise comparison with theoretical models are hampered by
the unavoidable nanoparticle size, shape and environment
fluctuations of the synthesised nanoobjects. Precise
determination of their properties and correlation with the
theoretical models as well as technological developments,
such as nanometric resolution sensors, require investigation
of a single object.

Detection of a single luminescent nanoobject is now a
routine experiment applied to study their individual properties
or use them as labellers [14-16]. Observation of single very-
weakly luminescent objects such as metallic nanoparticles is
more difficult. The high spatial resolution of the near field
optical technique (SNOM) has first been exploited to detect
single gold nanoparticles [17,18]. The complexity of these
studies and of their interpretation due to tip-particle interaction
[19], has fostered the development of far-field techniques. It
requires either detection of its direct effect on the incident
light, i.e., weak absorption or scattering, or observation of
another parameter indirectly impacted by light absorption.
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The first investigations of a single metal nanoparticle were
performed by detecting their light scattering [20-25]. As
scattering efficiency decreases with the square of the particle
volume V [3,4], these studies are limited to relatively large
particle sizes, diameters larger than 20 nm for gold
nanospheres (and down to about 5 nm using heterodyne
detection [24]). As absorption scales as V, it strongly
dominates over scattering for small particles and is then the
indicated parameter to monitor (the absorption cross-section
of a 20 nm gold nanosphere at its LSPR wavelength is about
100 times larger than the scattering one). Absorption based
detection of a single gold particle has been performed
indirectly, via monitoring the induced local heating of the
particle and its environment [26]. Direct detection of the far-
field optical extinction of a single metal (gold) nanoparticle
has been recently reported using a spatial-modulation
spectroscopy (SMS) technique [27-29]. This is based on spatial
modulation of the position of the studied particle and
detection of the concomitant modulation of the transmitted
light energy. Though extinction is measured, for a small
particle, the scattering contribution can be neglected and
the measured signal directly connected to its absorption.
Compared to other approaches, it has the large advantages
of permitting a quantitative determination of the single
nanoparticle cross-section, of requiring only a moderate
brightness source, and of being easily combinable with
nonlinear optical measurements [30].

In this paper, we discuss results obtained with the SMS
technique in single gold nanoparticles with different shapes:
quasi-spheres and rods [27,29,31]. After introducing the SMS
technique, we discuss optical characterisation of a single gold
nanoparticle (determination of its size, geometry and surface

orientation) and of its local environment by comparison of its
measured and calculated spectra. Finally, its application to
nonlinear optical study of a characterised single gold
nanoparticle is introduced, based on the combination of SMS
with ultrafast nonlinear spectroscopy.

2 Spatial Modulation
Spectroscopy (SMS)

For a light beam of power Piincident on a small particle, i.e.,
of size much smaller than the beam diameter, localised at
point (x,y)in the plane perpendicular to the beam propagation,
the beam extinction is given by

AP=Pi-Pt=o0c_ I(xy), (1)

where I(x,y) is the intensity spatial profile in the particle plane
and Pt the transmitted power. The extinction cross-section
6_. =0, +o_of the nanoparticle can be identified with its
absorption cross-section o, for small sizes (less than about
30 nm for a gold sphere). For a single 20 nm gold nanosphere
in water the peak value of the latter in the visible range, i.e.,
at the LSPR wavelength, is of the order of ¢, = 300 nm2.
About 102 of the incident light power will be absorbed for a
light beam focused to a 500 nm diameter focal spot. This is
beyond the sensitivity limit of conventional spectroscopic
techniques, but can be easily detected using lock-in detection
methods, provided that this absorbed fraction is modulated.
This is the main concept of the Spatial Modulation
Spectroscopy technique we recently developed: the position
of the nanoparticle is modulated in the focal plane of the
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Figure 1

Schematic of the single-particle spatial modulation spectroscopy (SMS) set-up, showing the transmission microscope formed by the focusing microscope
objective, a piezo-electric element modulating the sample position at frequency f, the x,y scanner, the collecting objective, the Si photodiode (PD), the
digital voltmeter (DVM), and the lock-in amplifier demodulating the signal. A tuneable light source is created from a supercontinuum generated in a
photonic crystal fibre (PCF) frequency filtered using a grating pair (G) and a slit (S)
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Figure 2

Calculated relative transmission change AT/T modulated at f or 2f for a Gaussian laser beam focused at (x = 0, y = 0) with d = 0.34 um, as a function of the
position of the nanoparticle along the y direction (x = 0, y). The extinction cross-section of the nanoparticle has been assumed to be o, = 290 nnr
(corresponding to that of a D = 20 nm gold nanosphere in water for a wavelength A slightly off resonance with its LSPR). The different curves are obtained
for a modulation in the y direction with amplitude & = 100 nm, 280 nm, 400 nm, 600 nm and 800 nm

light beam, which results in a modulation of £, i.e., of the
measured sample transmission (Fig. 1).

If the modulation amplitude & is much smaller than the
beam size, the absorbed power AP can be expanded in &
yielding, up to the second order [27]:

22
APsz|:I(x,y)+SaI(ax’y) o al(xz’y)sinz(Znﬁ)] )
y

sin(2mft) + By %

assuming that modulation takes place at frequency falong y.
When recovering the modulated transmission at the
fundamental, 7, or second harmonic, 21, frequency a signal
proportional to the first or second derivatives of /(xy) is
obtained, respectively. In both cases, quantitative analysis of
the modulated part of the transmitted light yields the
absolute value of the single-particle extinction cross-section
o, provided the modulation amplitude and the beam profile
are known [27].

In experiments large modulation amplitudes (comparable
to the beam size) are used and the transmitted power has to
be calculated numerically. The results of such calculation
performed for a Gaussian beam profile /(x,y) with a full-width-
at-half-maximum d are shown in Fig. 2. As expected, the
spatial profiles of AT/T = -AP/P. demodulated at for 2f show
derivative-like profiles, similar to the very small amplitude
regime (2). However, significant distortions are observed as
& becomes comparable to the beam diameter. Concomitantly,
the AT/T amplitude decreases (Fig. 2). A maximum of the
transmission change is obtained for optimal modulation
amplitudes of Sfoptz 0.8dand BZfOptz d for fand 2fdetection,
respectively. The spatial resolution of the set-up is set by both
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the focal spot size d and by the modulation amplitude. It can
be quantified by the distance between the extrema of | AT/
T| or its two side peaks for fand 2f detection, respectively
(Fig. 2). It remains almost constant (and set by d) for small 9,
and increases as & reaches the beam size. As for the optimal
amplitudes & or & , spatial resolution is only slightly
degraded, these values are systematically used in SMS
measurements.

The experimental set-up for SMS measurements is
schematically shown in Fig. 1. The incident light is focused
onto the sample surface using a 100x microscope objective
with Numerical Aperture 0.8. The sample is periodically
translated in the focal plane at a frequency of about 1.5 kHz
by means of a piezoelectric element. As in all far-field studies,
the limited spatial resolution (roughly half the optical
wavelength) is overcome by using diluted systems. Their
surface density is typically less than one particle per um?, so
that only one particle is in the optically probed zone. They
were prepared by spincoating very diluted nanoparticle
colloidal solutions onto a glass substrate. The transmitted
light is collected using an identical objective and detected by
a silicon photodiode. The modulated part of the transmission
ATis demodulated by a lock-in amplifier and the total sample
transmission T simultaneously measured using a digital
voltmeter. The sample is mounted onto a x-y piezoelectric
translation stage to record two-dimensional images of the
sample surface with a AT/T sensitivity of the order of 10°.
Absorption being directly detected, AT/Tis independent of P.
Therefore, very low powers can be used (down to less than 1
MW) which avoids sample damaging and permits the use of
low power sources [27,29,32,33].
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Figure 3

Spatial x,y dependence of the transmission change AT/T detected at f (a) and 2f (b). Each structure corresponds to a single gold nanoparticle, lying in
between the two-extrema and at the peak maximum for f and 2f detection, respectively (the mean particle diameter is <D> ~ 20 nm). The laser, with
wavelength A = 532 nm and power P, =10 uW, is focused on a d = 0.34 um focal spot. For all images, the sample position is scanned over the same

8x8 uny¥ zone and modulated along the y axis at f = 1.5 kHz with § = 0.3um

3 Single gold nanoparticle extinction
cross-section

Detection of gold nanospheres with mean diameter 20 nm is
illustrated in Fig. 3 for fand 2f detection (a laser source at
532 nm has been used as light source). Each feature in the
modulation direction y, i.e., negative and positive extrema
for fdetection and main peak with two negative satellites for
2f, is associated to a single gold nanoparticle. The AT/T signal
shape along the transverse direction, x, reflects the intensity
spatial profile of the light beam at the focal spot (Fig. 4). It
thus provides a direct reading of the spot size that can be
used as input for fitting the experimental data (provided that
astigmatism is negligible). The modulation amplitude
influences the signal shape along the y direction, but only
weakly its amplitude provided that & values close to 8 are
used (Fig. 2).

The amplitude of the measured x-y profiles is thus
determined by the single particle extinction cross-section
permitting its quantitative determination. It has been
measured for a gold nanosphere with diameter down to
5nm at A =532 nm, close to their surface plasmon resonance
wavelength, about 520 nm [27]. Actually such a
full x,y signal analysis procedure is not required if the focal
spot size is first precisely calibrated. As stressed above, this
can be done using a single nanoparticle as a probe, the
maximum AT/T amplitude at for 2f then directly translating
into the o_, value [28,29].

The absorption cross-section of a nanoparticle being
proportional to its volume [3,4], the observed AT/Tamplitude
for a nanoparticle from a given sample with mean diameter
<D> fluctuates from particle to particle due to their size
dispersion. In each sample, the statistics of the maximum
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amplitudes shows a monomodal distribution with a dispersion
in quantitative agreement with the TEM measured size
distribution of the initial colloidal solution (Fig. 5). This
agreement, together with the absence of any weak signal out
of the distribution, confirms that single nanoparticles are
observed. Experiments performed in different samples
with mean diameter ranging from 5 to 20 nm show that the
mean AT/T amplitude and thus the mean o_, is almost
proportional the particle volume in agreement with

10°AT/T =T
20

x (Lm)

Figure 4

Two-dimensional image of a single gold nanoparticle taken at 2f using
A =520 nm and § =0.28 um (the absolute value of the measured AT/T is
shown). The projections onto the axis planes show the gaussian beam
profile (x) and the modulation signal shape (y). Their fits yield the
beam size d = 0.35 ym and the particle extinction cross-section
0., =450+ 20 nn?
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Figure 5

Histogram of the maximum signal amplitude distribution measured
at A = 532 nm with f detection for the gold nanoparticle sample with
average size <D> = 20 nm. The dotted line is a Gaussian fit to the data.
The standard deviation is about 30% of the average signal in agreement
with the TEM measured particle volume distribution

nanoparticle extinction dominated by absorption for the
studied size range. Furthermore, the measured ¢ values are
in good quantitative agreement with the computed ones for
gold nanoparticles deposited on glass using the average
medium approach, i.e., using a mean air-glass dielectric
constant to characterise the dielectric environment of the
nanoparticle [27].

4 Single gold nanoparticle absorption
spectroscopy

Combining the above spatial modulation microscopy
system with a tuneable light source, extinction spectrum of a
single-nanoparticle can be measured. As only a medium-
brightness source (typically a few pW in the selected
bandwidth of 3 nm) is required for SMS measurement,
the broadly tuneable visible light can be provided by
supercontinuum generation in a photonic crystal fibre [27,28]
or even a white-lamp source if only a medium sensitivity is
necessary (i.e., for large nanoparticles, typically D = 20 nm)
[32,33]. The results presented below were obtained using the
former system, injecting the fibre with the 20 fs — 780 nm
pulse train of a home-made Ti:sapphire femtosecond
oscillator operating at 80 MHz repetition rate. The fibre
generated supercontinuum [34], is dispersed by a grating
pair separated by a -1 magnification telescope (Fig. 1). It is
frequency filtered by a slit placed close to the focal plane and
adjusted to select a 3 nm bandwidth [35]. This provides an
unpolarised light source easily tuneable from the near infrared
to about 450 nm.
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4.1 Optical absorption of a quasi-spherical
gold nanoparticle

The extinction spectrum of a single gold nanoparticle around
its LSPRis illustrated in Fig. 6. For a given polarisation it exhibits
the characteristic shape expected for quasi-spherical small
gold particles, i.e., an enhanced absorption due to surface
plasmon resonance (around 530 nm) overlapping the rise of
the interband absorption that dominates on the blue side of
the spectrum [3,9,28]. In systematic experiments, this
characteristic spectral profile is used to crudely select the
studied nanoobject. For instance, in the case of gold
nanospheres, this is done by checking the relative change of
the o_ (A) amplitude for a wavelength either close to the
LSPR or away from it and the interband absorption, in the red
part of the spectrum (Fig. 6). This two-wavelength test
permits to quickly select objects for full spectroscopic
investigation, and to reject the small fraction of spurious
absorbers as dust particles or aggregates.

The measured spectra exhibit large dependencies on the
linear polarisation direction of the incident light, with
correlated extrema of the amplitude and LSPR wavelength
for perpendicular polarisation directions (Fig. 6). This
dependence on the polarisation direction is further illustrated
by the polar plot of 6_, at 550 nm clearly showing maximum
and minimum o_, amplitudes along the 60° and 150°
directions, respectively (inset of Fig. 6). Such polarisation
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Figure 6

Extinction spectrum of a single gold nanoparticle measured for
unpolarised (black dots) and linearly polarised light along the main
particle axes in the surface plane (red and blue triangles for light polarised
along the 150° and 60° polarisation direction, respectively). Lines denote
fits using the spherical (full line) and elliptical (dashed lines) particle
approximations, respectively for unpolarised and linearly polarised light.
The optically deduced particle diameter is D = 18.5 nm and its aspect
ratio n = 0.92. The inset shows the polarisation dependence of the
absorption cross-section A =550 nm, with red and blue arrows
denoting the particle main axes in the surface plane. The line is a fit
using a superposition of two perpendicularly oriented dipolar
absorption spectra
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dependent LSPR behaviour is the optical signature of deviation
of the particle from a spherical shape [3,4,9,28]. It has
been used to extract quantitative information on the
particle deviation from sphericity, assuming it takes a slightly
elliptical shape.

The absorption cross-section of a small ellipsoid (much
smaller than the optical wavelength) of dielectric constant
€ =¢ +i¢, embedded in an homogeneous medium with
dielectric constant €, can be analytically calculated using
the quasistatic approximation [3,4,28]. For light linearly
polarised along the i main axis of the ellipsoid of major axis
half-length a, b and c (with a > b > ¢), it reads:

2nve’? g,(\)
AL

M +e,a-L)/Lf

G (M) = (3)

where Vis the particle volume. The geometrical factors L,
depend on the particle geometry [4]. They reduce to 1/3 for
a sphere leading to the well-known expression of the
absorption of a small nanosphere keeping only the dipolar
term in the Mie theory [3,4]. The metal dielectric function in
the nanoparticle € can be approximated by its bulk gold
dielectric function modified by introducing a surface
scattering term [3]. As the latter also impacts the shape of
the measured spectrum, broadening the LSPR, it can also be
extracted from fitting the experimental data [36]. Actually,

for sufficiently large nanoparticles (size larger than typically
10 - 20 nm), it plays a weak role and won’t be discussed here
where we will focus on the main parameter determining the
spectrum and amplitude, i.e., the particle shape and volume
and the dielectric constant of its environment.

The shape of the nanoparticle spectrum is essentially
determined by the local field enhancement effect (second
term of the right hand side part of (3)) [3,13]. It is thus set by
the environment of the particle, through € , and its geometry
through L. In particular, as a good approximation, the surface
plasmon resonance wavelength A’ for light polarised along
the i direction corresponds to minimising the denominator in
(3). For a weak dispersion of the imaginary part of the metal
dielectric constant €,, it corresponds to the condition
[3,4,28]:

& (Nypp)+e, (1—L)/L, =0 (4)

yielding three LSPR polarised along the ellipsoid main axes.
As in  transmission electron  microscopy  (TEM)
measurements, only the particle anisotropy in the x,y plane is
detected and one has to make an assumption about its size
in the z direction. The simplest one consists in assuming that
it is the same as in the x or y direction, i.e., that the particle is
a prolate (a> b = ¢ or oblate (a= b > ¢) spheroid. Only two
LSPR polarised along the short and long spheroid axes are
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Figure 7

Statistics of aspect ratio and diameter deduced from SMS optical measurements and from electron microscopy (TEM) for quasi-spherical gold nanoparticles.
The mean value of the aspect ratio and diameter are <n>= 0.9 and D = 16.6 nm for SMS and <n>= 0.9 and D = 16.2 nm for TEM measurements
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thus obtained with L, only depending on the spheroid aspect
ration = ¢/a.

In this model, the main polarisation directions determined
in SMS investigation of a single nanoparticle are associated to
its main axes in the substrate plane [29]. The aspect
ratio m directly translates into the maximum LSPR
wavelength displacement, AN’SSPR, with light polarisation (i.e.,
for polarisation along the short (s) or long (I) particle axis).
This permits its precise determination from the experimental
shift for a given shape assumption (all the other parameters
in (3) and (4) being light polarisation independent). Actually,
for a weakly elliptical nanoparticle (i.e., m = 1), AN, can be
estimated by expanding the geometrical factors L, in power
of (1 -m) around it sphere value ( L**"= 1/3). Developing the
resonance condition (Eq. 4) around the LSPR wavelength of a
sphere, A*"__one obtains:

L / %
Ao = 15 (1-me, (al {?If}e (5)

It is independent of the assumed shape permitting
unambiguous m extraction. This is confirmed by the fact that
the distribution and mean value of the aspect ratio deduced
from optical polarisation studies are in excellent agreement
with that obtained from TEM measurements on particles
from the same batch solution (Fig. 7).

The LSPR wavelength value is mostly determined by the
dielectric constant of the surrounding material. It can thus be
determined from the measured spectra but slightly depends
on the assumed oblate or prolate shape. For instance, for a
small ellipticity, switching from the former to the latter
assumption leads to reduction of the estimated ¢ _ value by
about 3(1-n) € _/5 (yielding a relative change of about 6% for
the mean value of ¢ _for <n>=0.9). Since the particle shape
cannot be unambiguously determined, this translates into an
uncertainty in the extracted € . Note that the LSPR being
sensitive to dielectric environment of the nanoparticle over a
distance of the order of its size, this €  value corresponds to
a local value, in the close vicinity of the particle [36].

Such measurements open-up the possibility of using small
gold nanoparticle as quantitative nanoprobe of the dielectric
properties of a material. This has been illustrated in the case
of gold nanospheres performing measurements on the as
spin-coated sample or after adding a drop of polymer [36]. In
the former case, the particles are surrounded by air and the
glass substrate and a mean environment refractive index
<n_> of 1.34 is deduced. In the latter case where they are
embedded into a polymer layer, <n_> increases to 1.44, a
value consistent with the polymer refractive index [36]. In
both cases, large particle to particle fluctuations with standard
deviation of 0.07 and 0.09 were observed. The obtained
result gives direct experimental evidence for fluctuations of
the local environment (including the remaining surfactant
molecules bound at the particle surface) on a nanometric
scale within the same composite medium. It demonstrates
the possibility of using nanoabsorbers as probes of their

SPR
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nanoenvironment, with a potential sensitivity to both the real
and imaginary parts of the local refractive index on a
nanoscale.

The nanoparticle volume V is a key parameter in the
absorption cross-section amplitude (3). As quantitative
measurements are performed with the SMS technique, it can
also be determined through reproducing the o, overall
amplitude (conversely to other single particle optical
experiments) [29]. As for the environment dielectric function,
the deduced value depends on the assumed particle shape.
Characterising the particle size by its equivalent diameter D,
defined as that of a sphere of same volume, values differing
by about 2% were obtained for prolate or oblate shapes. This
is within our experimental error permitting reliable extraction
of D, SMS polarisation dependent spectra thus permit a full
optical characterisation of a single metal nanoparticle: its
volume, and in plane anisotropy and orientation are
determined.

For quasi-spherical nanoparticles (<n> = 0.9), the particle
size and environment dielectric function can be more easily
extracted performing SMS measurements with unpolarised
light. As information on particle anisotropy is lost, the
measured spectra can be fitted assuming a nanosphere, i.e.,
using (3) with £, = 1/3, as illustrated in Fig. 6. The extracted
parameters, i.e., m_ and particle diameter D, then lies
between those deduced from full analysis of the polarisation
dependent data using the prolate or oblate shape assumption.
As long as only these parameters are required, such
measurements are thus sufficient. The statistics of the gold
nanoparticle diameter extracted using this approach is
compared to the TEM results in Fig. 7. As for the particle
aspect ratio, excellent agreement between the SMS and TEM
data is obtained (in particular, the mean diameter differs by
less than 3% for the particles investigated in Fig. 7) [29].

4.2  Optical extinction of a single gold nanorod

The above SMS technique can be extended to other
nanoparticle shapes as illustrated in Fig. 8 for gold nanorods.
As in an ellipsoid [28], shape anisotropy lifts the LSPR
degeneracy leading to strongly polarisation dependent LSPR
[37-39]. Its longitudinal LSPR, polarised along its long axis, is
strongly red shifted as compared to the sphere case [37-39].
In contrast its transverse LSPR, polarised in the plane
perpendicular to its long axis, only slightly blue shifts (Fig. 8).
The ensemble absorption spectrum of a nanorod aqueous
solution thus exhibits two main resonances, with, because of
orientational averaging, no light polarisation effect [37-39].
This is illustrated in Fig. 8 for an ensemble of gold nanorods
with length Lin the 40 to 60 nm range and a width D between
15 and 20 nm. The corresponding aspect ratios n = D/L range
from 0.25 to 0.5, much smaller than for the quasi-spherical
case (section 4.1). It is thus associated to much larger LSPR
shift, with an ensemble averaged longitudinal LSPR wavelength
around 680 nm, and a second transverse resonance at 515
nm with a much weaker amplitude (due to overlap with the
gold interband transition).
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Figure 8

Absolute extinction cross-sections spectra of three single gold nanorods
of different aspect ratio n = D/L embedded in PVOH (n is estimated to
be about 0.5, 0.35 and 0.25 for the triangles, dots and squares,
respectively). Each spectrum was measured for the direction of the light
polarisation maximising the amplitude of the longitudinal resonance.
The black line is the ensemble spectrum of the colloidal solution on an
arbitrary scale

Similarly the extinction spectrum of a single gold nanorod
exhibits two resonances with very different amplitudes [36].
As expected, the red shifted LSPR, with wavelength ' in the
620 - 800 nm range, exhibits a very strong light polarisation
dependence permitting to define the orientation of the gold
nanorod long axis in the substrate plane (Fig. 9). Conversely,
only a weak polarisation contrast is observed around the
transverse LSPR (with A°_, around 510 nm, Fig. 9). This can be
attributed to a main contribution from interband transitions
(polarisation independent absorption) that strongly overlap
the transverse LSPR in gold nanorods. The measured
maximum amplitude of the extinction cross-section is much
larger at the longitudinal LSPR than for the transverse LSPR
and interband transition region (about 15 times larger for
the n = 0.5 nanorod of Fig. 9) making the latter barely visible
in the full spectra (Fig. 8). This large contrast is a consequence
of the very large enhancement of the longitudinal LSPR cross-
section, in agreement with theoretical models (see below).
Note that in scattering based methods, only the longitudinal
LSPR of a single nanorod has been observed [40,41]. This is
duetothefact that evenforrelatively large rods as investigated
here, the transverse resonance is associated to a very weak
light scattering, its absorption strongly dominating its optical
response (6, / 6, =~ 0.05 and 0.25 at the transverse and
longitudinal LSPR wavelength, respectively) [36].

As SMS measurements are quantitative and yield access to
all the spectral feature of the nanorod optical response (its
transverse and longitudinal LSPR as well as its interband
absorption), the results can be precisely compared to
theoretical calculations [31,39]. The optical properties being
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Figure 9

Measured extinction cross section o, of a single nanorod for two linear
polarisations parallel (red dots) or perpendicular (green squares) to
its main axis. The dashed lines are the corresponding computed
0., assuming a cigar-like shape with an aspect ratio n ~ 0.5 and length L
=50 nm. The insert shows a polar plot of the measured polarisation
dependence of o, close to the longitudinal A = 640 nm (red) and
transverse A = 525 nm (green) LSPR

strongly particle shape sensitive, the model nanorod shape
has to correctly mimic the mean one observed with TEM. For
the present nanorod a cigar-like shaped particle formed by a
cylinder of length /and diameter D capped by hemispheres
of radius DJ2 has been used [31]. As the optical response
cannot be calculated analytically for such shape, modelling
has to be performed numerically using Discrete Dipole
Approximation (DDA) or Finite Element Method, both
approaches permitting description of an arbitrary shape
nanoobject [8,42,43]. Similar results were obtained using
either method, with excellent reproduction of the spectral
position, width and amplitude of the longitudinal resonance
and slight deviation for the transverse one (using only the
particle volume and aspect ratio as parameters). This mainly
lies in overestimation of the computed extinction cross-
section of the transverse LSPR as compared to the longitudinal
one (about 9 times smaller for the transverse than for the
longitudinal SPR, the interband absorption, around 475 nm,
being about 14 times smaller in agreement with experiments,
Fig. 9). This discrepancy was ascribed to deviation of the
actual nanorod geometry from the chosen model shape.
Actually, the shape of the end caps has an important impact
on the LSPR properties and can correct for the above
discrepancy [31]. However, more detailed experimental-
theoretical comparison requires more precise definition of
the actual nanorod shape, for instance by performing electron
microscopy and optical measurements on the same
nanoparticle [22,32].

The large sensitivity of the optical response of a nanorod
on its geometry (volume, aspect ratio and tip shape) reflects
in rod-to-rod uncorrelated variations of its longitudinal LSPR

154



wavelength and amplitude (Fig. 8). In particular, for an
ellipsoid of fixed volume, o(A,) is expected to increase
with A'., in contrast to the experimental observation (Fig. 8),
probably because of the different volume of the particle. This
is an important parameter for applications, absorption or
field enhancement effects and its spatial extension strongly
depending not only on the nanoparticle aspect ratio but also
on its full size.

The X', fluctuation leads to a much larger width of the
longitudinal LSPR in ensemble measurement, as compared to
that in a single nanorod (FWHM of 100 nm as compared to
about 35 nm at A'_ = 700 nm, Fig. 8). Defining the quality
factor of the longitudinal resonance as the ratio between the
LSPR peak wavelength and its width, value ranging from
12 to 23 (increasing with wavelength) were obtained for
single nanorods, consistent with earlier dark-field scattering
measurements on prolate nanoparticles [40,41]. This is much
larger than the ensemble one, about 7, confirming the large
inhomogeneous LSPR broadening, mostly due to fluctuations
in the nanoparticle aspect ratio and environment. This large
rod to rod spectral variation is also making difficult quantitative
estimation of the linear or nonlinear optical response of a
single nanorod from ensemble measurements, even if the
density of nanorods is precisely known, stressing the
importance of single nanoobject optical studies.

5 Single gold nanoparticle optical
nonlinear response

Optical in-situ detection and characterisation of a single
metal nanoparticle through its linear extinction signature
opens-up many possibilities for nonlinear optics with a single
nanoobiject. In particular, its nonlinear optical response or its
properties investigated by nonlinear optical spectroscopy
could then be quantitatively interpreted in connection with
its size and geometry (as illustrated above for its linear optical
response). In this context, extension of time-resolved
femtosecond nonlinear spectroscopy to single gold
nanoparticle is particularly interesting [30]. Similarly to
ensemble measurements, it should permit investigation of
the physical origin of its nonlinear optical response, and its
electronic and vibrational kinetics [44-47]. Note that as for
nanoparticle linear optics, ensemble studies yield information
average over nanoparticle size, shape and environment
dispersions (in the case of nanospheres, this has been
circumvented by using samples with small size and shape
dispersions and performing experiments in environment
independent conditions [45,46]). Precise investigation of the
impact of the particle shape and environment on its nonlinear
optical response and on its electron or vibrational response
requires the development of femtosecond spectroscopy of
single characterised nanoparticles.

The possibility of time-resolved investigation of single
metal nanoparticles has been demonstrated using near field
optical microscopy on large gold nanorods [48] and far field
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scattering or absorption based techniques (in sphere with
D250 nm) with picosecond resolution [49,50]. The scattering
approach has been recently extended to the femtosecond
domain in 80 nm gold nanospheres and in nanorods [51,52].
However no information on the studied nanoparticle, other
than the mean particle size and shape was available. In this
context, we have recently shown that, combining SMS
technique with a high sensitivity femtosecond pump-probe
set-up, nonlinear study of a single silver nanosphere with
femtosecond resolution can be performed for size down to
20 nm [30]. This was optically determined from the single
particle absorption spectrum, time-resolved transient
absorption measurements being then performed with the
same set-up, yielding precise information on the particle
electron-lattice coupling. In this type of experiments the
transient change of the probe transmission AT induced by
optical excitation of a single nanoparticle by the pump pulse
is monitored (Fig. 10). This is directly proportional to
modification of the nanoparticle extinction cross-section
Ao, (A,,.) permitting its measurement [30]. As in metal
films, the measured transient response can thus be connected
to the optically induced change of the metal dielectric
function, ie., to a third order nonlinearity of the
material [13,44].

We have recently extended this approach to femtosecond
investigation of single gold nanorods and single gold prism
pairs. The pump-probe delay dependent extinction change
Acext(kpmbe)) of a single gold nanorod with aspect
ratio m = 0.25 is illustrated in Fig. 10. As in ensemble
measurements [44], the measured amplitude varies linearly
with the pump intensity. Though these results are still
preliminary, the opposite sign signals measured for probe
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wavelength kpmbe on the red and blue side of the longitudinal
LSPR clearly demonstrate that the nonlinear response is
dominated by a transient red shift of the LSPR. As in silver
nanospheres [44,53], this is tentatively ascribed to increase of
the real part 1 of the metal dielectric function due to electron
heating by the pump-pulse. It thus corresponds to interaction
of the pump and probe pulses via the optical Kerr nonlinearity
of the material. As the extinction cross-section of the nanorod
at the pump wavelength is known, these measurements
permit direct connection between the nonlinear response
amplitude and electron temperature rise, and thus
quantitative comparison of the experimental data with
theoretical modelling of its optical nonlinearity.

6 Conclusion

Optical detection and spectroscopy of a single metal
nanoparticle with the spatial modulation technique is opening-
up many possibilities for the investigation of nano-objects. It is
presently the only technique permitting quantitative
measurement of the extinction cross-section of a single metal
nanoparticle. For a small particle, the scattering contribution
to extinction can be neglected and the measured signal
directly connected to its absorption. This permits full optical
determination of its properties: size, shape and orientation,
i.e., optical determination of the geometry of an object much
smaller than the optical wavelength. The statistics of the
results are in very good agreement with the TEM data
confirming the validity of this approach. Its present sensitivity
of a few nm? yields a particle size limit of a few nanometer
(5 nm for gold). For complex optical signature, combination
of this optical investigation with electron microscopy on the
same nanoobject, as recently demonstrated for gold
nanosphere and dimers [32], is very promising. More generally,
this approach can be applied to any absorbing single object.

In situ optical characterisation of a single nanoparticle
opens-up many perspectives for the investigation of its
properties and their correlation with its geometry and
environment. For instance, using the extinction spectra of
single nanoparticles as a probe of their local environment,
spatial fluctuation of its refractive index has been
demonstrated. This opens-up a new way for using
characterised single nanoparticles as optical nanoprobes of
materials or, for specifically functionalised particles, as
nanosensors or biosensors, avoiding the averaging effect
inherent to ensemble measurements. This approach is also
very interesting as a characterisation tool in systems where
electron microscopy cannot be used, as, for instance, for
embedded nanoparticles. It also constitutes an important
step forward for the analysis of single nanoparticle properties,
using nonlinear optical spectroscopy. These non-contact and
non-destructive methods are important investigation and
characterisation tools of nanomaterials, in particular, in the
technologically important situation of nanoobjects in a
dielectric matrix.
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