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Optical absorption spectroscopy of a single metal nanoparticle is used to characterize its properties and to
obtain quantitative information on its local environment. Experiments were performed using the spatial modu-
lation spectroscopy �SMS� technique on 16 nm mean diameter gold nanoparticles embedded in different
medium �i.e., deposited on glass or embedded in a polymer layer�. Extraction of the nanoparticle characteristics
and determination of the dielectric constant of its environment are discussed, focusing on the impact of the
particle shape assumption. The refractive index of the local environment deduced from these measurements
shows large particle-to-particle variation, yielding information about fluctuations of the dielectric properties of
the surrounding medium on a nanometric scale, inaccessible in ensemble measurements. The influence of the
environment of a nanoparticle on its optically extracted geometry and its surface plasmon resonance broaden-
ing by surface effect are also studied at a single-particle level.
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I. INTRODUCTION

Size reduction effects and the concomitant increase of the
role of the surfaces or interfaces are key parameters in the
optical properties of nano-objects. In the case of metal, their
main consequence is the appearance of resonances, the local
surface plasmon resonances �SPR�, in their linear and non-
linear optical responses.1–3 These reflect local enhancement
of the electromagnetic field in and around the metal nanopar-
ticle due to the resonant response of the electrons of the
metal. The spectral characteristics of the SPR, peak wave-
length, resonance shape, and light absorption and scattering
cross sections, are very sensitive to the properties of the
nanoparticles �composition, structure, shape, and size� and of
their surrounding �matrix, bound molecules or other
particles�.1,3–9 To a certain extent, they can thus be adjusted
to a given requirement, provided the nano-object geometry
and environment are well controlled. It opens up many pos-
sibilities for manipulation of the optical field at a nanoscale
and for adapting or enhancing the linear or nonlinear optical
response of a nanoparticle or of a nearby object.1–3,10–13

These sensitivities are also making the optical response of
metal nanoparticles a large potential tool for nanoscale char-
acterization of the particles themselves, provided their opti-
cal response is precisely modeled,14 and of their local envi-
ronment exploiting them as nanosensors.15

However, when ensembles of nanoparticles are optically
investigated, the observed effects and the obtained informa-
tion are averaged over the distribution of particle geometry
and environment. This limitation can be circumvented study-
ing a single particle. For a very weakly luminescent object
such as a metallic nanoparticle it requires monitoring its di-
rect interaction with light, i.e., its scattering or absorption of
an incident light beam. Near-field optical technique �scan-
ning near-field optical microscopy �SNOM�� has first been
used to detect single metal nanoparticles.16,17 The intrinsic
difficulty of the interpretation of these measurements, due to
perturbation of the particle environment by the tip,18 has fos-
tered the development of far-field techniques. The optical

investigations of a single metal nanoparticle were performed
using dark-field microscopy allowing for background-free
detection of nanoparticle scattering.19–22 As scattering effi-
ciency scales as the square of the particle volume,1,3,4 these
methods are limited to large size particles, typically more
than 20 nm. This fosters the development of novel ap-
proaches based either on heterodyne detection of
light-scattering23 or on direct14,24 or indirect �via the induced
environment heating�25 detection of light absorption that
dominates the small particle optical response.

The large reduction in the detection limit permitted by the
latter absorption-based methods is particularly interesting for
using single nanoparticles as nanosensors.15,26,27 Actually, the
SPR wavelength of a particle being sensitive to its dielectric
surrounding over a region on the order of its size,28 the SPR
wavelength contains information on its environment over a
volume that is concomitantly reduced with the particle size.
In particular, in the context of plasmonic nanosensors based
on molecular detection via the induced SPR wavelength
shift, this offers a large potential for single-molecule
sensing.15,29 Depending on the geometry of the nanoparticle,
its local environment and its modifications translate differ-
ently in its SPR properties.1,27 Development of high-
sensitivity single-nanoparticle nanosensors and extraction of
quantitative information thus requires precise characteriza-
tion of the used nanoparticle. It has been recently shown that
such characterization can be done optically by quantitatively
measuring the extinction cross-section spectrum of the nano-
particle using the spatial modulation spectroscopy �SMS�
technique.14,24,30,31 We have used this approach to investigate
model systems formed by single quasispherical gold nano-
particles deposited on a substrate in air or embedded in a
polymer �PVOH�. After introducing the SMS technique, op-
tical characterization of a nanoparticle and determination of
the dielectric constant of its local environment are discussed
focusing in particular on the impact of the assumed particle
shape on the extracted information. Statistic of the analysis
performed on different nanoparticles shows that the absolute
value of the extinction of a single nanoparticle is modified by
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its environment beyond that predicted by the change in its
refractive index, suggesting enhanced absorption or modifi-
cation of the surface of a particle by its environment.

II. EXPERIMENTAL METHOD

The SMS technique is based on modulating the position
of a nanoparticle in the focal spot of a tightly focused light
beam. For a particle much smaller than the beam size whose
position is modulated along the y direction around its mean
position �x ,y� in the focal plane, the total beam extinction at
the wavelength � is given by24

�P�x,y,�� = − �ext���I��x,y + �y sin�2�ft�� , �1�

where �ext is the particle extinction cross section and I�x ,y�
is the beam intensity profile. f and �y are the modulation
frequency and amplitude, respectively. If the latter is much
smaller than the beam size, one can readily show that the
modulated part of the transmitted power at the fundamental
frequency f and its harmonic 2f are proportional to �ext:

�Pf�x,y,�� � − �ext�y
�I��x,y�

�y
sin�2�ft� ,

�P2f�x,y,�� �
1

4
�ext����y

2�2I��x,y�
�y2 cos�4�ft� . �2�

When scanning the nanoparticle position in the focal plane,
the modulated part of the transmitted power at f or 2f shows
a profile proportional to the first or second derivative of the
beam intensity I�x ,y� along the y direction, respectively. A
profile directly proportional to I�x ,y� is obtained along the x
direction. In both cases, the amplitude of the modulated sig-
nal is proportional to the absolute cross section �ext��� of the
investigated particle. Provided the modulation amplitude and
the beam profile are known, it can thus be directly
measured.24

For the modulation amplitudes comparable to the beam
size used in the experiments, �Pf ,2f has to be calculated
numerically using Eq. �1�. Derivative-like x-y profile is ob-
tained similar to the very small amplitude regime �Eq. �2��
with, however, significant distortion when �y approaches the
beam size. This is illustrated in Fig. 1, assuming Gaussian
intensity profile I�x ,y� with a full width at half maximum
dFWHM. A maximum change in the sample transmission due
to the presence of the nanoparticle �Tf ,2f /T=�Pf ,2f / P is ob-
tained for a vibrational amplitude �y

opt�0.8dFWHM and
�dFWHM for detection at f and 2f , respectively �Fig. 2�. Im-
portantly, the sensitivity of the amplitude of ��Tf ,2f /T�max on
�y is largely reduced around �y

opt, making determination of
�ext only weakly sensitive on this parameter.

The spatial resolution of the measurements is determined
by the focal spot size dFWHM and the modulation amplitude
�y. As a first approximation, we defined it as the distance
between the extrema of ��Tf /T� or the two side peaks of
��T2f /T� �Fig. 1�. It remains almost constant, close to dFWHM
for small modulation amplitude, and increases as �y ap-
proaches the beam size. For the optimal amplitudes, �y

opt,
spatial resolution is only slightly degraded and these values

are systematically used in our SMS measurements. Note that
observation of the full x-y spatial profile of ��Tf ,2f /T� per-
mits a spatial localization of the nanoparticle under study
with a much better precision than the estimated spatial reso-
lution.

The experimental setup for tunable wavelength measure-
ments is shown in Fig. 3. The light beam is focused to a spot
of several hundred nanometers in diameter onto the sample
surface by a 100� microscope objective �N.A.=0.8�. The
sample is formed by isolated nanoparticles �i.e., separated by
more than the beam size� dispersed on a glass substrate. Its
position is modulated at f �1.5 kHz by means of a piezo-
electric element and mounted on a X-Y piezoelectric transla-
tion stage to record surface images. The transmitted light
power is detected by a photodiode and demodulated at f or
2f using a lock-in amplifier. The setup achieves a sensitivity
in �T /T of about 10−5 using a laser source with a few �W
power, allowing the detection of the absorption cross section
of gold nanoparticles as small as 5 nm,24 i.e., a sensitivity in
terms of extinction cross section down to about 5 nm2.

The medium-brightness �typically a few �W in the se-
lected bandwidth of 3 nm� and broadly tunable source in the
visible range required for spectroscopic measurements is ob-
tained by generation of a supercontinuum in a photonic crys-
tal fiber.32 In our setup, this is created by injecting the fiber
with the 20 fs pulse train of a homemade Ti:sapphire femto-
second oscillator. The supercontinuum is subsequently dis-

FIG. 1. Computed y-direction profile of the relative transmission
change �Tf ,2f /T modulated at �a� f or �b� 2f in a spatial modulation
experiment. A Gaussian laser beam focused at �x=0,y=0� on an
absorbing nano-object at �x ,y� much smaller than the focal spot
diameter dFWHM has been assumed. The dotted, full, dashed, and
dash-dotted lines correspond to different normalized modulation
amplitude in the y direction �y /dFWHM=0.3,0.82,1.2 and 1.7, re-
spectively. The open dots are the results of measurements on a 15
nm gold nanoparticle performed at a laser wavelength of 532 nm
with dFWHM=0.34 �m and �y =0.28 �m.
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persed by a grating pair separated by a −1 magnification
telescope and frequency filtered using a slit �Fig. 3�.33 The
created tunable source is unpolarized allowing measurement
of both the unpolarized as well as polarized spectra �after
insertion of a polarizer�.

In the present investigation, samples with low surface
density of nanoparticles were prepared by spin coating onto a
glass substrate a colloidal solution of citrate-stabilized qua-
sispherical gold particles �Sigma-Aldrich� with mean diam-
eter 16.2 nm. Different samples were prepared with or with-
out addition of a polymer �PVOH� in the solution. To
exclude effects of the deposition history, polymer embedded
particles were also prepared by adding a droplet of polymer
after spin coating the particles. Nanoparticles deposited on
glass or embedded in a thin polymer layer were thus ob-
tained with a surface density of less than one particle per
�m2.

The y profile of the transmission change measured at f or
2f for a single gold nanoparticle with a laser source at 532
nm is in excellent agreement with the computed one �Fig. 1�.
Similar results are obtained using the supercontinuum source
as illustrated by the x-y profile of the absolute value of the
transmission change ��T2f /T� measured at �=520 nm �Fig.
4�. As expected, it consists of three symmetric peaks along

the modulation direction y and of a Gaussian shape along the
perpendicular one x. The latter directly reflects the focal spot
shape and size along x and permits their precise measure-
ment �Eq. �2��. Sections along the x direction show that the
intensity profile is very well reproduced by a Gaussian shape
with dFWHM=0.35 �m at �=520 nm �Fig. 4, top�. No an-
isotropy in the focal spot size and shape has been observed
indicating that astigmatism is negligible in our setup. Similar
analysis of single-particle images taken at different wave-
lengths yield precise experimental calibration of the disper-

FIG. 3. �Color online� Experimental setup, showing the trans-
mission microscope with piezoelectric sample translation at fre-
quency f and x-y scanner, the signal detection and acquisition sys-
tem consisting of a silicon photodiode, lock-in amplifier, digital
voltmeter �DVM� and personal computer, and the tunable light
source using a photonic crystal fiber �PCF�, a grating pair �G� and a
slit �S�.

FIG. 4. �Color online� Image at �=520 nm of a single gold
particle and its x �top� and y �right� sections at the position of the
dotted lines. The full lines are fits to a Gaussian beam profile with
dFWHM=0.35 �m �x direction� and the numerically calculated 2f
response �y direction� for the same dFWHM and an oscillation am-
plitude �y =0.28 �m. The absolute value of the signal amplitude is
set by the extinction cross section yielding �ext=455�20 nm2.

FIG. 2. �a� Dependence on the normalized modulation ampli-
tude �y /dFWHM of the computed and measured amplitudes of the
relative transmission change �Tf ,2f /T modulated at f �dashed line
and dots, respectively� and 2f �full line and triangles, respectively�.
�b� Calculated and measured dependence on the modulation ampli-
tude of the spatial resolution of a spatial modulation experiment
defined as the distance dpeak /dFWHM between the extrema of
��Tf /T� or the two side peaks of ��T2f /T� for f �dashed line and
dots� or 2f �full line and triangles� detection, respectively. Measure-
ments were performed on a 15 nm gold nanoparticle at a laser
wavelength of 532 nm with dFWHM=0.34 �m and �y =0.28 �m.
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sion of dFWHM. It has been reproduced phenomenologically
using a second-order polynomial function in � �Fig. 5�a��.

The shape of the y profile of the transmission change
measured in real space is set by the beam size and modula-
tion amplitude, also permitting further control of the value of
these parameters. The full amplitude of �Tf ,2f /T is directly
set by the nanoparticle extinction cross section, �ext���. Nu-
merically reproducing �Tf /T or �T2f /T using Eq. �1�, its
absolute value and its spectrum can thus be obtained by mea-
suring the x-y nanoparticle response for different wave-
lengths followed by precise analysis of its shape and
amplitude.24 However, after precise calibration of the setup,
such full analysis is not necessary and �ext��� can be directly
deduced from the ��Tf ,2f /T� maximum amplitude. The preci-
sion of this approach has been confirmed by the excellent
agreement between the �ext value measured by SMS and the
computed ones from the nanoparticle geometry determined
by transmission electron microscopy �TEM�.30

III. SINGLE-PARTICLE SPECTRA

A. Unpolarized spectra

The extinction spectrum of a single gold nanoparticle
measured with unpolarized light is shown in Fig. 5�b�. Mea-
surements are limited to wavelengths smaller than about 620
nm because of the limited power of the supercontinuum

source for longer wavelengths, around the zero dispersion of
the photonic crystal fiber �at 650 nm�. As information on its
anisotropy is lost �see below�, the data were fitted assuming
a spherical nanoparticle of diameter D embedded in a trans-
parent medium with dielectric constant 	m. For the small
particles investigated here, �ext��abs �the scattering cross
section is about 100 times smaller than the absorption one
for a 20 nm gold nanoparticle at its SPR� and �abs can be
approximated by its dipolar expression,1,4

�abs��� =
18�V	m

3/2

�

	2���
�	��� + 2	m�2

, �3�

where V is the particle volume and 	=	1+ i	2 is the metal
dielectric constant. This expression yields an excellent ap-
proximation of the full Mie theory for the gold nanoparticles
investigated here with sizes in the 20 nm range, and, in par-
ticular, of their SPR wavelengths.34 If 	2 is weakly dispersed
the SPR wavelength �R is given by the well-known simpli-
fied condition 	1��R�+2	m=0. As usual, 	 has been corrected
for size reduction by introducing a surface scattering term in
its Drude part using1,35

	��� = 	bulk��� +

p

2


�
 + i�bulk�
−


p
2


�
 + i��
, �4�

where 	bulk is the bulk gold dielectric constant.36 
p is the
metal plasma frequency and �bulk and � are the electron scat-
tering rates in the bulk and confined metal, respectively,
with1,35

� = �bulk + 2gvF/D , �5�

where vF is the Fermi velocity and g is a proportionality
factor on the order of 1.

The measured data are very well reproduced using this
approximation, yielding a diameter D=20.3 nm, a matrix
refractive index nm=�	m=1.44, and a surface damping factor
g=1. Though three parameters are used here they are well
defined as, to a large extent, they translate into different
spectral features as illustrated in Fig. 6. The overall absolute
amplitude of �ext around and away from the SPR is set by the
effective particle diameter D �or particle volume V� while the
surface parameter g influences the width of the resonance via
modification of 	2 �Eq. �5��. For gold particles, it mostly
shows up in the long wavelength wing of the SPR and in
modification of its peak amplitude with respect to the small
wavelength interband plateau as shown in Fig. 6�c� for two
extreme situations �g=0.3 and 2.2�. However, for most of the
particles investigated here it has a moderate influence on the
fitting procedure �inset of Fig. 5�b��, 	2��R� being dominated
by its interband contribution in gold.1,35

The dielectric constant of the environment 	m is the main
parameter setting the spectral shape of �ext, in particular, the
SPR wavelength �R. It also influences its peak absolute cross
section �ext��R� �Fig. 6�b�� both directly due to the 	m

3/2 de-
pendence of �ext �Eq. �3�� and indirectly due to the change in
the SPR width with �R �reflecting the dependence of 	2 on �R
close to the gold interband transition threshold�.

The 	m value determined here reflects the surrounding di-
electric constant experienced by the nanoparticle. As exten-
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FIG. 5. �a� Dispersion of the diameter of the focal spot dFWHM

deduced from X-Y scans on a single gold nanoparticle. The full line
is a polynomial fit of the experimental data. The dashed line shows
the diffraction limit, dFWHM=0.64�. �b� Extinction cross-section
spectrum of a D=20.3 nm gold nanoparticle in PVOH, for unpo-
larized light �squares� and linearly polarized along the experimen-
tally determined main particle axes �up- and down-triangles�. The
full and dashed lines are fits assuming a spherical and elliptical
oblate particle, respectively. The inset shows the unpolarized data
together with a fit using g=0, 0.8, and 1.3 �dashed, full, and dotted
lines, respectively�.
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sively discussed in the sensor context, it corresponds to that
of its close environment over a range of the particle
size.28,37–39 The extension over which 	m is probed can be
estimated by computing the shell thickness sensitivity of the
SPR wavelength of a metal-core/dielectric-shell particle em-
bedded in a dielectric matrix, with dielectric function 	 ,	s
and 	m, respectively.37 In the quasistatic approximation the
absorption cross section of such composite particle takes a
similar form as for a sphere, with 	m being replaced in the
resonant denominator of Eq. �3� by an effective dielectric
function 	eff=	s�1−a�� / �1+2a��, where a is the core vol-
ume fraction: a=D3 / �D+e�3 and �= �	s−	m� / �	s+2	m�.1,4

Assuming that 	2 is weakly dispersed, the simplified reso-
nance condition 	+2	eff can be used and one can readily
show that the SPR wavelength dependence on the shell
thickness e is given by

��R�e�
��R

max =
1 − a

1 + 2a�	s − 	m�/�	s + 2	m�
, �6�

where ��R�e�=�R�e�−�R�0�. ��R
max is the SPR wavelength

modification for a nanosphere when changing its surrounding
matrix refractive index from 	m to 	s �i.e., corresponding to
the limited value for no and infinitely thick shell, respec-
tively�. Note that for usual dielectrics, such as glass or water,
the e dependence of the relative SPR shift is actually mostly
given by the 1−a term in Eq. �6� and is thus almost inde-
pendent of the nature of the materials. The influence of the
matrix thus becomes negligible for a shell thickness on the
order of the particle size, the SPR wavelength being then
very close to that of a sphere embedded in a 	s matrix �for
instance, ��R�e� /��R

max0.8 for e=D /2 for gold-core/
glass-shell particles in water or vacuum�. The SPR wave-
length is thus sensitive to a layer on the order of its size
around the particle, making it a local probe of its
nanoenvironment.15,28,37–39

B. Ellipticity effect: Polarized spectra

The impact of the nonsphericity of the particles on the
deduced parameters was analyzed performing light polariza-

tion dependent measurements. For most investigated par-
ticles, the measured �ext spectra show correlated extrema of
the SPR amplitudes and wavelengths for perpendicular po-
larization directions as illustrated in Fig. 5. This behavior is a
signature of a slight nonsphericity of the particle, and as in
previous experiments,14 we have interpreted our data assum-
ing an elliptical nanoparticle shape. As only the particle an-
isotropy in the x ,y plane is detected, one has to make an
assumption about its z-direction size. A spheroidal particle of
either prolate �p� or oblate �o� shape embedded in a homo-
geneous environment of dielectric constant 	m has been as-
sumed. The data have then been fitted using1,4

�abs
i ��� =

2�V	m
3/2

��Li
p,o�2

	2���
�	��� + 	m�1 − Li

p,o�/Li
p,o�2

, �7�

where light is assumed to be linearly polarized along one of
the main axes, i, of the ellipsoid. The geometrical factors Li

p,o

only depend on the shape and aspect ratio � of the spheroid
defined as the ratio, �= ls / ll, of its short �s� over long �l� axis
length.4 For a close to spherical particle, they can be ex-
panded in �1−�� yielding up to second order:

Ll,s
p,o��� = 1/3 + �l,s

p,o�1 − �� , �8�

with �s
o=−�l

p=4 /15 and �s
p=−�l

o=2 /15. In polarization-
dependent measurements, the aspect ratio thus directly re-
flects in the displacement of the SPR wavelength for light
polarized along the short and long nanoparticle axes. As a
first approximation, using the simplified SPR condition,

	1��R
i � + 	m�1 − Li�/Li = 0, �9�

one can show that this displacement is given by

��l−s
p,o � −

54

15
�1 − ��	m/� �	1

��
	

�R

, �10�

where �R is the SPR wavelength for a sphere embedded in
the same matrix. For weakly elliptical nanoparticles it is thus
independent of the assumed shape, permitting unambiguous
extraction of �.

FIG. 6. �Color online� Unpolarized extinction spectra of different single gold nanoparticles whose fits by the spherical quasistatic model
�Eq. �3�� only differ by one parameter: �a� Two particles with same environment refractive index nm=1.43 and surface damping factor g
=1.3, but different diameters D=18.0 nm �down-triangles� and D=19.5 nm �open up-triangles�; �b� three particles with same D�19 nm
and g=1.0, but with nm=1.26 �down-triangles�, 1.40 �open up-triangles�, and 1.50 �diamonds�; �c� two particles with same D=19.5 nm and
nm=1.40, with g=2.2 �down-triangles� and g=0.3 �up-triangles�.
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In the fitting procedure the surrounding medium dielectric
constant 	m is essentially set by the SPR wavelength. Its
determination thus also depends on the assumed shape. Us-
ing the same approach, switching from a prolate to an oblate
shape for the same 	m matrix leads to an identical blue shift
of the computed wavelength of the l or s polarized SPR:

��l,s
p−o �

18

15
�1 − ��	m/� �	1

��
	

�R

. �11�

When fitting the experimental data, this leads to a reduction
in the estimated 	m value of

�	m
po/	m � 3�1 − ��/5. �12�

The shape assumption thus translates in an uncertainty in the
extracted nm value of �nm /nm� � �3 /10��1−��, i.e., about
3% for �=0.9.

Fitting of the polarization-dependent spectra is illustrated
Fig. 5�b�. The same aspect ratio �=0.91 has been used as-
suming a prolate or oblate shape in agreement with the above
analysis. Slightly different environment refractive indexes
were obtained: nm=1.44 and 1.48, respectively, consistent
with the estimated uncertainty. The deduced particle long
axis lengths, 2ll=21.6 nm and 21 nm, respectively, yield
very similar volumes. The estimated equivalent diameters
Deq

p,o, defined as that of a sphere of same volume, are
almost identical �Deq

p =2�2/3ll=20.3 nm and Deq
o =2�1/3ll

=20.35 nm�. They are also in excellent agreement with that
deduced from the unpolarized spectrum D=20.3 nm �Fig.
5�b��. Note that the measurements with unpolarized light
yield a nm identical to that for the prolate particle assump-
tion. In both cases, prolate or oblate particle, a surface damp-
ing factor g=1 has been used, identical to that deduced from
the unpolarized data �as close to spherical particles were
studied, 	 has been corrected using Eq. �5�, replacing D with
Deq�. In our gold samples, as long as the particle anisotropy

is not investigated, unpolarized light measurement and qua-
sispherical particle approximation are thus sufficient for ex-
tracting the particle and environment parameters. Only these
will be discussed in the following.

IV. SINGLE NANOPARTICLE: LOCAL
CHARACTERIZATION

Using this approach, a random survey of 43 single gold
nanoparticles has been investigated in each sample with or
without polymer. To avoid any correlation effects, this was
done for each sample on five spatially well-separated 20
�20 �m2 zones. The distributions of the deduced nanopar-
ticle diameter D, amplitude of the electron-surface scattering
correction g, and local environment refractive index nm are
presented in the form of histograms in Fig. 7 �top and bottom
graphs in absence and presence of polymer, respectively�.

Without polymer, the distribution of the particle size is
found to be in excellent agreement with that deduced from
TEM measurements �Fig. 7�a��. Its mean value differs by
only about 3%, 
D��16.2 and 16.6 nm, for TEM and optical
measurements, respectively. The data show the same stan-
dard deviation of 10% in diameter. Note that the TEM his-
togram is obtained by averaging the long and short axis pro-
jections in the surface plane, while the optical data result
from the total volume deduced from Eq. �7�. In comparing
the results of the two measurements, there is thus an uncer-
tainty of the order �1/3 in the TEM data, depending on
whether the particle under study is a prolate or oblate spher-
oid.

The same analysis of the optical measurements performed
in presence of polymer shows a significant shift of the nano-
particle size histogram �Fig. 7�b��. Furthermore, analysis of
the same sample without polymer and after addition of a
polymer drop reveals the same shift, eliminating any possible
artifact due to sample deposition or particle selection. The

(a) (c) (e)

(b) (d) (f)

FIG. 7. �Color online� Optically measured distributions of the �a� nanoparticle diameter D �the dashed histogram denotes the results of
the TEM measurements�, �c� refractive index of the local environment nm, and �e� electron-surface scattering factor g for gold nanoparticles
spin coated on a glass substrate. �b�, �d�, and �f� show the same data for gold-PVOH solution spin coated onto glass, and spin-coated gold
particles postembedded in PVOH �dashed histogram�.
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mean size increases by about 10%, i.e., about 2 nm, to a
value of 
D�=18.8 nm, the standard deviation staying simi-
lar. As stressed above, the size of the gold nanoparticle is
deduced from its cross-section value. The underlying as-
sumption is that gold is the only absorbing material with an
absorption amplitude set by the particle volume and 	2���
�Eq. �3��. Local modification of 	2 or absorption of the sur-
rounding matrix enhanced by the local field effect around the
metal nanoparticle can thus translate into a change in the
optically estimated particle size. Other absorption enhance-
ment mechanisms can also take place related to charge trans-
fer and surface passivation of the gold nanoparticles by the
polymer chains. Though the observed absorption enhance-
ment around the gold surface plasmon resonance is clearly
related to the presence of PVOH, definite determination of
its origin requires additional measurements.

The deduced refractive index nm of the local environment
shows large particle-to-particle variations �Figs. 7�c� and
7�d��. Without polymer, it varies from about 1.1 to 1.5, with
a mean value 
nm� of about 1.34 and a standard deviation of
0.09. It has to be noted that in the above analysis �Sec. III�,
nm has been assumed to be homogeneous around the particle,
neglecting its asymmetry with the presence of the glass sub-
strate on one side and of air on the other.5 The estimated nm
thus corresponds to the mean refractive index experienced by
the particle. However this simplified approach has been
shown to give a correct description of the optical response of
deposited nanoparticles using a weighted value of the mate-
rial refractive index.21,30,40,41 In our measurements, 
nm� lies
in between the refractive index of air and glass, but is sig-
nificantly larger than the square root of their average dielec-
tric function, about 1.27. This increase is consistent with the
presence of surfactant molecules bound on the nanoparticle
surface and of residual solvent on the sample surface. These
variations of the nature of the local environment together
with those of the particle-substrate distance are probably at
the origin of the fluctuations of the nm value experienced by
the different single nanoparticles.

Similar variations were observed for nanoparticles em-
bedded in the polymer matrix that provide a more homoge-
neous environment �Fig. 7�d��. As expected, a larger mean
value of 
nm�=1.44 is obtained with a slightly smaller stan-
dard deviation of about 0.07. The larger 
nm� value is con-
sistent with the presence of polymer that increases the sur-
rounding refractive index �the polymer refractive index is in
the 1.50–1.53 range�. The observed variations are probably
due to local changes in the polymer density as well as of the
position of the individual particles within the polymer layer,
i.e., closer to the polymer-substrate or to the polymer-air
interface.7

Though the electron-surface scattering factor g has a mod-
erate impact in fitting the measured spectra for the relatively
large particles studied here �inset of Fig. 5, except for par-
ticles with large g, Fig. 6�, its particle-to-particle variation
can be estimated. In contrast to the particle diameter and
local refractive index, g exhibits very large variations from,
typically, 0 to 2.2 �Figs. 7�e� and 7�f��. These variations have
been found to be uncorrelated with those of the local refrac-
tive index and were ascribed to the large dependence of the
SPR broadening on the close surroundings of the nanopar-

ticle at the interface level.42 This suggests that the interface
conditions largely differ from particle to particle for samples
prepared from colloidal solutions. Consequently, the surface
contribution to the electron scattering rate can only be prop-
erly defined locally at a single-particle level.

In presence of polymer the mean g values vary from 1.5
to 1 for spin coating the polymer together with the particles
or for postembedding them, respectively. An intermediate
mean value, 
g�=1.2, is obtained without polymer �with a
narrower distribution�. However these variations of 
g� are
probably not connected to the preparation history or nano-
particle embedding environment but rather to the limited
number of measurements of a largely varying parameter. The
mean g value on the order of 1 suggested by our results is
larger than that previously reported in photothermal studies
of single gold nanospheres.43 The origin of this discrepancy
is unclear but might be due to different conditions of the
nanoparticle surface. In particular, conversely to photother-
mal measurements for similar sizes,43 the SPR spectra mea-
sured here have always been found to be broader than the
computed one using the dielectric constant of bulk gold.

To further stress the impact of the different parameters on
the measured amplitude of the extinction cross section, its
peak value is plotted as a function of the SPR wavelength in
the inset of Fig. 8 for all the investigated nanoparticles. The
uncertainties of these measurements are estimated to be
about 3 nm in SPR wavelength and 20 nm2 in cross section,
well below the observed variations. For a given SPR wave-
length, �ext shows large fluctuations mostly due to the differ-
ent volumes of the particle for the same environment. This is

FIG. 8. Experimental peak extinction cross section �ext divided
by the particle volume V as a function of the refractive index of the
local environment nm for all the investigated gold nanoparticles.
The different data correspond to nanoparticles spin coated onto a
glass substrate without �full dots� or with �open squares� addition of
PVOH or postembedded in PVOH after spin coating �open tri-
angles�. V and nm are deduced from fitting the measured individual
spectra. The lines show the calculated nm dependence of �ext for
three values of the electron-surface scattering parameter g=0, 1,
and 2.2 �dashed, dotted, and full lines, respectively�. The inset
shows the directly measured �ext as a function of the SPR wave-
length �R for the same individual gold nanoparticles. Horizontal
and vertical error bars are on the order of the symbol size.
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confirmed by the good correlation between the environment
refractive index nm deduced from �R and the extinction cross
section normalized to the estimated nanoparticle volume
�Fig. 8�. The observed �ext /V increase with nm is consistent
with its nm

3 dependence �Eq. �7�� and to reduction in the
width of the SPR �following that of 	2� as it redshifts with
increasing nm �Fig. 8�. The measured normalized extinction
cross section, �ext /V, is always smaller than the computed
one assuming no surface effects, i.e., g=0. It is within the
computed value using the quasistatic model for g=0.2 and
g=2.2 �Fig. 8�, consistent with the extreme value deduced
from fitting the individual spectra. The particle-to-particle
variation of g is at the origin of the residual fluctuations of
�ext �Fig. 8�.

V. CONCLUSIONS

In conclusion, we have shown that quantitative character-
ization of a single metal nanoparticle and of its local envi-
ronment can be performed by comparing the measured ex-
tinction cross-section spectra with the spatial modulation
technique to theoretical model. For quasispherical gold nano-
particles, the shape assumption made to reproduce the
experimental data, i.e., prolate or oblate ellipsoid, does not
influence the particle ellipticity estimated from light polar-
ization dependent measurements. It also leads to small un-
certainties in the estimated particle properties �volume and
surface effects� and dielectric constant of its local environ-
ment. In the case of gold, these can be also reliably deduced
from polarization averaged spectra interpreted in terms of the

spherical quasistatic model. The optically estimated statistic
of the nanoparticle size is in excellent agreement with the
results of electron microscopy measurements. The surface
contribution to the electron scattering rate deduced from the
surface plasmon resonance width shows very large particle-
to-particle variations, probably due to local surface effect.
This suggests that it can only be properly defined locally at
the single-particle level. This approach can be extended to
the investigation of other absorbing single nano-objects as
recently demonstrated for gold nanorods44 and carbon
nanotubes.45

The absolute value of the local refractive index of the
material surrounding a nanoparticle deduced from these mea-
surements corresponds to its mean value over a shell of
about the size of the investigated particle, i.e., on a nano-
scale. As compared to scattering-based methods, extinction-
based ones thus permit reduction in the probed environment
region via reduction in the size of the addressable metal
nanoparticle. Furthermore, as the extinction cross section is
quantitatively determined, modification of the absorption of
a single nanoparticle due to change in its environment can
also be detected. This opens up new possibilities for locally
investigating the fluctuations of both the refractive and ab-
sorptive properties of a matrix at a nanoscale level and for
using single metal nanoparticles as quantitative nanoprobes
or nanosensors.
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