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ABSTRACT: We determine the optical properties of nanocomposites
comprising gold nanoparticles embedded in a titania matrix using
spectroscopic ellipsometry. We then apply the spectral representation
formalism due to Bergman, to extract the dielectric function of the
individual gold nanoparticles (NPs). We show that analytical forms of
the spectral representation function can be generated, which enable
local clustering and the width of the surface plasmon resonance to be
accounted for. The model also explains anomalously high, near-infrared
absorption by small metal particles, reported by Tanner. The procedure
provides a method to determine the optical constants of a wide range of
metallic and semiconducting nanoparticles from ellipsometric data.

1. INTRODUCTION

Nanoparticles (NPs) have unique optical properties that can be
exploited in a variety of applications ranging from optoelec-
tronics to biolabeling, catalysis, and sensing. NPs can be
dispersed into polymers, glasses, or gels to create macroscopic
materials with unique optical properties. In the case of metal
particles, such nanocomposites have attracted attention for over
a century.1−4 Dispersions of gold, silver, and copper NPs
exhibit new optical resonances that are absent in bulk metal
films. These unusual absorption features termed localized
surface plasmon resonances (LSPRs) may be tuned by altering
the shape and size of the metal particles, as well as their relative
distance. LSPR bands have also been observed for NPs of
reactive metals such as potassium, sodium, and lithium
embedded in salt matrices.5 More recently, attention has
focused on semiconductor NPs, which exhibit strongly size-
dependent, linear, and nonlinear optical spectra, once the
crystallite size approaches the Bohr radius.6 Schmitt-Rink and
colleagues showed that composite films of such NPs may
exhibit nonlinear resonances that can be tuned by the particle
size.7,8 For both metallic and semiconducting NPs, there is a
need to be able to determine the frequency (ω) and size-
dependent (R), dielectric function ε(ω,R) of the nanocrystal
from experiment. In other words, given a nanocrystal-doped
material, can one determine the dielectric properties of the
embedded particles? Since one requires both the real and
imaginary parts of the function over a reasonable wavelength
regime, at least two independent optical measurements are

needed at each wavelength. In the case of metal particles there
have been two notable studies of this problem. In 1967,
Fragstein and Schoenes measured both the absorption
spectrum and the scattering spectrum from small gold
particles.9 Inversion of the Mie equations leads to two
simultaneous equations for the dielectric function. In a more
recent work, Poelsma et al. used ellipsometry to study the
reflection coefficients of gold particles adsorbed as dense
monolayers in air on a silica substrate.10 However, while the
dielectric function of the film was extracted, the authors did not
attempt to determine the optical properties of the gold NPs
themselves.
In order to understand the optical properties of highly dilute

films of small spheres, one needs to take into account the
polarization of the NP due to the effect of an external
homogeneous field. In the case of single spheres of arbitrary
size, the exact solution is given by the Mie equations.2

However, in real systems, the particles are not isolated and
inevitably present some level of aggregation or clustering, even
for highly dilute systems. Moreover, it is often found that
heterogeneous systems with identical composition present
different effective properties due to variations in the spatial
distribution of the components. Several models have been
introduced to take this effect into account. The Maxwell−
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Garnett (MG) formalism1 is most commonly used because of
its simplicity and accuracy for dilute systems. However, the MG
approximation assumes only dipolar interactions: therefore,
when the particles approach one another this model becomes
invalid. An improved approach is the effective medium theory
(EMT), which gives more accurate results for moderately
interacting systems.11−13 The starting hypothesis of this
formalism is that each particle is embedded in a homogeneous
medium with the same dielectric constant as that of the
composite. Both of these models assume spherical inclusions,
although the MG theory has been extended to the case of small
ellipsoids by Hayashi and Kanamori14 and by Giordano.15 A
third approach is the spectral representation formalism, first
formulated by Bergman.16,17 This method assumes there is an
exact solution to the problem of the effective dielectric constant
of a composite once the so-called spectral representation
function (SRF)16 is known. This function, g(n), which contains
all the relevant geometric information about the composite, can
be understood as a continuous distribution of the weights
corresponding to all the possible depolarization factors of the
particles (denoted n). Thus, the real problem is to determine
this function. It is important to note that the problem of
determining any electromagnetic property of one of the
components (e.g., dielectric constant) from the corresponding
effective value of the composite strongly depends on the quality
of the experimental data. This is due to the mathematically ill-
conditioned character of this problem. In such cases, even small
errors, in either the experimental data or in the effective
medium model can lead to large errors in the estimation of the
effective property of the particles. Nevertheless, the SRF
approach has been successfully applied by several groups to
spherical metal nanocrystal composites. Felderhof and Jones
have even incorporated higher-order multipole interactions into
the SRF formalism,18 while Pecharroman et al. have applied
analytic forms of the SRF to the IR reflection of ionic crystals.19

In this work we introduce a phenomenological model for the
SRF of diluted NPs. This approach has the advantage that it
does not depend on the nature of the materials of the
composite, and in the case of small metal particles, it predicts
the resonance wavelengths and the strengths of the surface
plasmon modes. These solutions are basically the spectral
representation function of the system. As a consequence, we
can account for clustering in dilute gold NP systems. The
effective medium properties depend on both the nature of the
components and the microstructure of the composite.
Consequently, the determination of the optical properties of
metallic NPs requires both a precise description of the
composite microstructure, given by g(n), and also accurate
refractive index experimental data for the composite films.
Knowing this, one can immediately determine the dielectric
properties of the metallic NPs, their state of aggregation within
the film, and their influence on the effective dielectric
properties of the composite film.
Here, we present the procedure to determine the SRF

parameters and demonstrate its applicability to the case of gold
NPs dispersed in a thin metal oxide film. However, the
methodology is general and can be applied to a wide range of
composites comprising small particles such as magnetic or
semiconducting nanocrystals embedded within a homogeneous
matrix.

2. THEORETICAL MODEL
2.1. Determination of the Refractive Index of Thin

Layers by Small Perturbation Ellipsometry. In spectro-
scopic ellipsometry, the reflection coefficients of a thin film
coating an infinitely thick, nonabsorbing slab are determined as
a function of wavelength for several angles of incidence. These
procedures usually employ nonlinear, least-squares fitting
methods to determine both the thickness and complex
refractive index of the layer.20 However, in the case of small
changes in the film properties, such as those introduced by
doping with NPs, it is possible to treat the complex reflectance
ratio (ρ) as a small perturbation to the behavior of the system.
The magnitude of this ratio can be obtained from the usual
ellipsometric parameters, tan(Ψ) and cos(Δ)

ρ θ λ θ λ̂ = Ψ θ λΔe( , ) tan( ( , )) i ( , ) (1)

This explicit expression for the complex reflectance ratio
depends primarily on the angle of incidence (θ) and on the
wavelength (λ) but also on the nature and structure of the
sample. However, all the samples considered in this work
comprise transparent silica glass substrates coated with a single
thin film of either titania or titania-containing Au NPs. For this
particular configuration, the reader can find the explicit
expressions for eq 1 in the Supporting Information, section 1.
If the complex reflectance ratio of the pure titania film is

known, the incremental shift in the refractive index due to small
modifications in thickness (δh) and refractive index (δm) of the
layer can be written as a series expansion
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where θ is the angle of incidence, h the layer thickness, and m
the refractive index. We have expanded the series up to δh2 to
allow for small thickness differences between the doped and
undoped layers. In order to calculate ρ0 and the derivatives of ρ,
Fresnel coefficients can be used (numerically calculated as
shown in the Supporting Information). Operating on eq 2 the
increment in the refractive index is given by
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It should be noted that all the coefficients are complex
numbers, and the increment in the refractive index refers to
both the real and imaginary parts. The differences in the
refractive indices are not very important, but as we will show
later, in some spectral regions, small inaccuracies can have a
very strong impact on the final results.

2.2. Determination of Dielectric Functions of Au NPs.
Once the refractive index or the dielectric constant of a
composite is known, the most difficult task is to deduce the
optical properties of one of the components. In principle, it is
necessary to know the constitutive law that relates the optical
properties of the composite to the volume fractions and
geometrical packing of each component. Here, the spectral
representation formalism is the chosen method used to
describe the constitutive behavior of the nanocomposite.
According to the spectral representation formalism, the
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effective dielectric constant at a particular frequency or
wavelength is given by21

∫ζ
ζ

⟨ ⟩ =
+

f
g n

n
n

( )
1/

d
(4)

where f is the filling factor; ζ = ε/εm − 1, ⟨ζ⟩ = ⟨ε⟩/εm − 1; and
ε, εm, and ⟨ε⟩ are the dielectric constants of the NPs, the matrix,
and the composite, respectively. The spectral representation
function, g(n), can be considered to be the distribution function
of the depolarization factors, n, present in the nanocomposite
(0 < n < 1). Therefore, the SR formalism states that the
effective dielectric constant is given by the Hilbert transform
(eq 4) of g(n). Using this formalism, the condition for
excitation of a surface plasmon mode is

ε ε− + =n n(1 ) 0m0 0 (5)

where n0 corresponds to the depolarizing factor for a single,
isolated particle. It is well established that for dilute systems
(<1 vol %) or for cases where the inclusions do not touch, the
MG formalism gives accurate results. The MG approximation
assumes that there are no particle interactions and that the
inclusions are spheres. For the more general situation of
arbitrary particle shape, governed by the single depolarization
factor L (L = 1/3 for spherical inclusions), the MG model
predicts

δ= − −g n n L f( ) ( (1 ))MG 0 (6)

where δ is the delta function. Conversely, when there are
significant interactions between the particles, the SRF becomes
a broad, continuous function.21 In real plasmonic composites
with metal concentrations less than 5 v/v%, both isolated
particles and small clusters are found. Hence, neither the MG
nor effective medium models give an accurate description of the
composite material. Consequently, we have designed a specific
SRF which will be valid for “dilute” systems. This regime
includes composites with concentrations below the percolation
threshold but with some kind of multipolar interparticle
interaction due to clustering.
When the particles start to interact (weak coupling), the

effective depolarization factor along the direction of the axis
dimer shifts to lower values, while the perpendicular
component remains largely unchanged. Furthermore, multi-
polar modes22 or aggregation effects may appear as secondary
modes.23 These new features are strongly dependent on the
interparticle separation. Because in a composite there is a
continuous distribution of distances between the particles, the
SRF of a random and dilute distribution of spheres should be a
continuous superposition of delta functions, exhibiting a
maximum slightly below the position of that corresponding
to the single-particle depolarization factor.22−24 It is precisely
this particle coupling that is responsible for the broadening of
the SRF. It is important to note that the particles do not need
to be actually touching. Even in a dilute particle distribution,
there will always be a small fraction of particles relatively close
to each other.
Although the choice of SRF is arbitrary,25 the selected

function should have specific properties consistent with the
type of system under study. For the present case we have
chosen a Lorentzian profile for the SRF

=
− +
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+
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Here n0 is the average depolarization factor, and w is the
Lorentzian width. This function is determined by the shape,
and relative distances distribution of the particles within the
composite. It has the important property that its Hilbert
transform (eq 4) is an analytical function and hence is easy to
evaluate. The function only takes positive values in the interval
around n0, defined by n0 − c < n < n0 + c. By limiting the SRF to
these values, we ensure that there is no weighting given to
percolated clusters, which appear at n = 0. This condition is
satisfied when c ≤ n0. Finally, the normalization constant A is
determined from the SRF sum rule, which for nonpercolated
systems is given by
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The dielectric constant can be analytically obtained by
integrating eq 4 using eqs 8 and 9
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It should be noted that the c parameter can be chosen
arbitrarily if the condition c ≤ n0 is satisfied. For the sake of
convenience, we have fixed the value of c to c = n0/2 so that eq
10 becomes
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For w = 0, eq 11 can be drastically simplified as follows

ζ ζ
ζ

⟨ ⟩| →
+→ f

n1w 0
0 (12)
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which is just the MG approximation (ζ = ε /εm −1, ⟨ζ⟩ = ⟨ε⟩/
εm − 1 and n0 = L(1 − f)) .
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If the inclusions within the nanocomposites are well
dispersed, the SRF generates small values for the w parameter.
It is then interesting to go further than eq 11 and check how
the MG approximation 12 is modified for nearly monodisperse
systems (sharp but finite SRF). After a power series expansion
of eq 11 in w, we find
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This equation tends to the MG approximation 12, for a very
narrow SRF.
2.3. Relationship between the SPR and the SRF. Due

to the very general assumptions involved in the derivation of eq
11, it should be able to describe the optical properties of
moderately dilute nanocrystal ensembles. We now focus
explicitly on the case of small gold NPs. In order to describe
the optical response around the SPR, it is convenient to
introduce the variable η, which can be considered to be an SPR
detuning parameter

ζ η= − +
n
1

0 (15)

It should be noted that for η = 0 the SPR condition is fulfilled
when eq 5 is satisfied. If we substitute eq 15 into eq 11 and
expand this expression for low values of η and w, we obtain

ζ
η

η η
⟨ ⟩ = −

+

+ −( )
f

i

n w

w
n

n0
2 2 1

2
2

0
2

0 (16)

This is an interesting expression because it converts eq 11 into
a relatively simple Lorentzian function. Additionally it should
be noted that eq 16 does not depend on c, which is an arbitrary
parameter. The explicit expression for ⟨ε⟩ from eq 16 is given
by
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Equation 17 is entirely general and provides a direct correlation
between the volume fraction of NPs in a composite f, the
material properties through ε, and the mean and variance in the
depolarization factors (n0 and w, respectively). This equation is
valid for any nanocomposite for small to moderate filling
fractions.
2.4. Lineshape of the SPR. For “plasmonic metals” (i.e.,

Au, Ag, Cu, etc.), eq 16 can be used instead of expression 11 to
predict the line shape of the SPR. At this point, we can assume
a Drude model for the dielectric constant of the metallic NPs:
here ωp and γ are the bulk plasma and damping frequencies
respectively; λp and λg are their corresponding wavelengths; and
ε∞ is the dielectric constant above ωp. Therefore, the detuning
parameter, according to the Drude model, can be written as
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ε
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In this case, the SPR condition is fulfilled when Re(η) = 0.

λ λ ε ε= + −∞
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1mSPR p
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For convenience, we introduce the term δ, defined as λ =
λSPR(1 + δ), which describes the degree of SPR wavelength
detuning. In the case of wavelengths close to the SPR (δ ≪ 1)
the dielectric constant detuning factor is linearly dependent on
the wavelength

η δ

λ
ε λ

λ
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2

p
2

SPR

g (20)

According to this last equation, the “true” SPR wavelength is
never actually attained because, in a realistic system, η always
includes an imaginary component. It is the imaginary term that
is responsible for the finite width of the SPR. It is interesting to
follow the behavior of eq 16 in the vicinity of the SPR. In the
case that w = 0 (noninteracting particles or MG approximation)
eq 16 can be written as

ζ
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n
( 2 )

(4 )0
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(21)

The absorption spectrum, which corresponds to the imaginary
part of ⟨ζ⟩, is a Lorentzian function, with a maximum located at
δ = 0 and a width (taken at the inflection point) of dSPR = Γ/
2√3. In the case considered here, where the particle interaction
becomes relevant, it can be shown that the maximum of the
imaginary part of ⟨ζ⟩ does not shift, but its width is modified as
follows
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Finally, from the definition of δ, it can be estimated that the
imaginary part of the effective dielectric constant follows a
Lorentzian-like curve, with a width of
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This is a very useful expression. It indicates that the width of
the optical absorption spectrum around the SPR of a dispersion
of metallic NPs exhibits a nearly Lorentzian profile, centered at
λSPR, while the width depends only on two factors: Γ, which is a
small parameter depending on the mean free path of the
electrons inside the metallic NP, and w, which basically
describes the multipolar particle interaction. In the case of low
interaction values such that w ≪ n0

2ΛΓ, the width of the SPR
absorbance spectrum depends only on the physical properties
of the NPs (under which circumstances one obtains the MG
model). Conversely once the SRF width exceeds this value, the
SPR absorption band broadens noticeably, so that for closely
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packed aggregates this will be the dominant mechanism of peak
broadening. It should be noted that this model also accounts
for asymmetric peak broadening, which is impossible to explain
with standard EMT models.
2.5. NIR Broadening. The present model explains not only

the origin of the SPR broadening observed in real NP
ensembles but also the unusually intense IR absorption tail in
the ensemble spectra, which has been reported by several
research groups.26,27 To demonstrate this, it is necessary to
consider the case when the nanocrystal inclusions have a very
large dielectric constant (ε → ∞). This is the case in the IR
region for materials composed of metallic NPs dispersed in
insulating (nonabsorbing) matrices. Expanding eq 14 when ζ
≫ 1 yields
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Analysis of eq 24 reveals that the effective dielectric properties
of unpercolated heterogeneous systems are only a small
perturbation to the corresponding values of the pure matrix,
even if the isolated inclusions have very large dielectric
functions. In the case of the infrared region, metal NPs satisfy
this condition, according to the Drude model.27 Therefore, by
using eq 18 in eq 24 and expanding as a power series and
assuming λ/λp ≫ 1 and λ/λg ≪ 1 we obtain
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This latter expression indicates that for low frequencies the
composites will exhibit a dielectric constant very similar to that
of the matrix but slightly increased by a term which is
proportional to the volume concentration of the inclusions.
Equation 25 can be used to determine the SRF for drude NPs.
In fact, if the real part of (⟨ζ⟩) is fitted against 1/λ2 in the IR
range, we get the following linear regression (see Figure S2,
Supporting Information)

ε
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the coefficients a and b introduce some constraints on the
possible values for w and n0.

π

ε λ

≃ +
−

≃

⎡
⎣⎢

⎤
⎦⎥a

f
n

w
n

b f
n

1
(4 3 log 3)

m

0 0

p
2

0
2

(27)

If we have a reasonable estimate of λp (which is approximately
λp = 131 nm for bulk gold) the SRF parameters are
unequivocally defined. Equations 26 and 27 allow the SRF
itself to be evaluated through an unambiguous determination of
the values of the parameters n0 and w. This fact is of crucial
importance when attempting to obtain realistic values for the

dielectric function of NPs from optical measurements on
nanocomposites.

3. EXPERIMENTAL METHODS
3.1. Materials Synthesis. Au NPs of about 14 nm in

diameter were synthesized with the Turkevich method by
reducing HAuCl4 in water with sodium citrate.28 The Au
colloids were subsequently capped with poly(N-vinylpyrroli-
done) (PVP), purified, and eventually stored as concentrated
ethanolic solutions, as described in detail elsewhere.29 Au
colloids are in the cubic crystalline phase (ICDD No. 040714),
and the crystallite size is 5.2 ± 1.3 nm, considerably smaller
than the actual NP size evaluated from TEM images (14.1 ±
0.9 nm), suggesting that Au NPs are polycrystalline (see
Supporting Information). Anatase TiO2 NPs were synthesized
via acid-catalyzed sol−gel reaction as described previously30

and stored in methanolic concentrated solutions. The solutions
used for thin-film deposition were prepared by mixing the
methanolic suspension of TiO2 NPs with PVP-capped Au NPs
in ethanol and spin coating the final solutions on either Si or
SiO2 substrates, as described in ref 29. Samples were then
annealed at 300 or 400 °C for 1 h in air in a muffle furnace. The
prepared samples are summarized in Table 1.

3.2. Characterization Techniques. Dry powder samples
of the NP colloidal solutions were characterized by X-ray
diffraction (XRD) by using a Philips PW1710 diffractometer.
Optical absorption spectra of solutions and films were
measured using a Jasco V-570 spectrophotometer. Trans-
mission electron microscopy (TEM) measurements of the
metal NPs deposited on a carbon-coated copper grid were
taken with a Philips CM10 TEM. The surface morphology of
the samples was investigated with an xT Nova NanoLab
scanning electron microscope (SEM). Transmittance at normal
incidence and ellipsometry quantities Ψ and Δ were measured
using a J.A. Woollam V-VASE spectroscopic ellipsometer in
vertical configuration, at two different angles of incidence (65°,
75°). Optical constants n and k and film thickness were
evaluated from Ψ, Δ, and the transmittance data using the
WVASE32 ellipsometry data analysis software by fitting to
Cauchy dispersion equations, Gaussian, and Tauc−Lorentz
oscillators in the nonabsorbing region, Au SPR peak regime,
and at the UV absorption edge, respectively.
Rutherford backscattering spectroscopy (RBS) experiments

to determine the metal volume fraction ( f), density, and film
thickness were carried out with the 5 MV HVEE Tandetron
accelerator at the Centro de Micro-Anaĺisis de Materiales of
Universidad Autońoma de Madrid.31 The RBS experiments
were performed using 3.035 MeV He+ ions to make use of the
cross-section resonance 16O(α, α)16O at that particular energy
and, therefore, to improve the sensitivity to oxygen. The data
were acquired simultaneously with two silicon surface barrier
detectors located at scattering angles of 170° with an energy
resolution of 16 keV and an ion dose of 10 μC per detector.

Table 1. Nanocomposite Thin Films Synthesized in the
Present Study

name composition heat treatment

TiO2 300 TiO2 300 °C
TiO2−Au 300 TiO2-containing Au NPs 300 °C
TiO2 400 TiO2 400 °C
TiO2−Au 400 TiO2-containing Au NPs 400 °C
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The chemical composition of the films has been extracted using
the RBX software.32 The determination of the gold volume
fraction from the RBS data is presented in the Supporting
Information.

4. RESULTS AND DISCUSSION
The characterization of the prepared TiO2 and Au NPs is
presented in Figure S3 of the Supporting Information. XRD
confirms the presence of crystalline anatase NPs (Figure S3a,
Supporting Information), while TEM reveals particles of about
4 nm in diameter (Figure S3c, Supporting Information). The
optical absorption spectrum of the anatase colloidal suspen-
sions in methanol (Figure S3e, Supporting Information) reveals
the strong UV absorption onset related to TiO2 band gap, while
the solution remains totally transparent in the visible range, as a
consequence of the good colloidal stability, necessary to obtain
high quality thin films. Crystalline Au colloids of about 14 nm
in diameter can be seen in Figures S3b and S3d (Supporting
Information). Au colloidal solutions in ethanol exhibit a
pronounced SPR peak centered at about 523 nm, consistent
with the NP size and the refractive index of ethanol (Figure S3f,
Supporting Information).33

Nanocomposite thin films are prepared from these colloidal
suspensions as described in the Experimental section. A
detailed optical and morphological characterization has been
published recently.29 The thermal treatment at 300 and 400 °C
has been chosen in order to remove most organic compounds
and solvents but avoid excessive particle growth and sintering.
In fact, Scherrer analyses of the XRD patterns of the deposited
films (not shown) confirms that the Au crystallite size is the
same as that of the as-prepared colloids, while TiO2 crystallite
size is slightly bigger at 400 °C (about 6 nm) compared to that
of the sample annealed at 300 °C (4.5 nm, fairly close to the
value for the as-synthesized colloids) due to thermally driven
crystal growth. The morphology of the samples has been
investigated using SEM, and the results are presented in Figure
S4 (Supporting Information): the nanocomposite films are
homogeneous and smooth, even if a slightly rougher surface is
observed in the samples annealed at 400 °C, due to the
increased size of the anatase grains. Metal NPs can be seen as
brighter spots in the SEM micrographs, due to their greater
scattering contrast with respect to the oxide matrix: they are
homogeneously dispersed on a micron scale, and there is an
absence of major aggregation or segregation phenomena.
The optical absorption spectra of the prepared films are

presented in Figure 1. Samples annealed at 400 °Cboth with
and without Au NPsshow a higher diffuse absorbance
compared to films annealed at 300 °C, as a consequence of the
greater reflection arising from the increased refractive index of
the nanocomposite, due to the reduction in porosity occurring
after higher-temperature annealing. Samples containing Au NPs
exhibit a pronounced LSPR peak centered at 600−630 nm,
much more red-shifted compared to the same particles
dispersed in ethanol, due to the greater refractive index of
the anatase matrix; for the same reason, the LSPR band in the
nanocomposite annealed at 400 °C is centered at lower
energies compared to the sample annealed at 300 °C.
The main goal of this work is to demonstrate that, by using

an accurate model for the effective dielectric constant of a
composite, it is possible to obtain the intrinsic optical
properties of a nanocrystal, even when the dielectric properties
of the matrix itself are not known precisely. By annealing the
titania matrix at two temperatures, we create two composites

with different average refractive indices. However, if the theory
outlined here is robust, we should extract the same dielectric
properties for the embedded gold particles in each case. In
order to obtain the dielectric constant of gold NPs it is
absolutely necessary to have accurate values for the dielectric
constant of the composite and undoped matrices (εm) and also
for the gold volume concentration or filling factor ( f). While εm
can be determined by ellipsometric measurements on
monolithic samples prepared in the same way as the composite
films, the actual gold content in the annealed gold NP films is
more difficult to measure, and therefore it was ultimately
determined by RBS (see Figure S5, Supporting Information).
The results of the film characterization are summarized in
Table S1 (Supporting Information). The measured refractive
indices of the titania nanoparticulate films were significantly less
than that of bulk anatase due to the high film porosity.
Figure 2 shows the real and imaginary parts of the complex

reflectance ratio of the titania films, with and without gold NPs.
It is interesting to observe in these plots the aspect of the
complex reflectance ratio for the TiO2−Au composites. Both
the real and imaginary parts look very similar to the expected
increment of the dielectric constant in a composite, due to the
inclusion of particles which present a SPR. After carrying out
the manipulations, given by eq 3, and using the experimental
film thicknesses determined by RBS, the complex refractive
index curves corresponding to the TiO2 and the TiO2−Au film
are obtained and are presented in Figure 3 along with the
estimation using conventional ellipsometric software (Wool-
lam).
There is no straightforward method to extract the dielectric

constant of gold NPs from ellipsometric data. As we have
mentioned before, most of inverse optical methods (i.e.,

Figure 1. Absorption spectra of TiO2 (dotted gray lines) and TiO2−
Au films annealed at 300 °C (top) and 400 °C (bottom). The
continuous red lines are experimental spectra, and the dashed blue
lines are calculated spectra using the gold dielectric constants
determined from the ellipsometric data.
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extraction of information from far-field scattering) are ill-
conditioned problems, so that small errors in the measurements
have a strong impact on the calculated results. To circumvent
this limitation, high precision measurements as well as strong
constriction on the fitting parameters are mandatory. To
achieve this, we have collected high-quality ellipsometric optical

data and made accurate determination of the key structural
parameters of the composite (thickness, particle concentration,
and degree of agglomeration). In the case of ellipsometric data,
two sets of data corresponding to pure TiO2 and composite
TiO2−Au layers on silica were required. By using the thickness
data determined by RBS and ellipsometry, it has been possible
to employ eq 3 to determine the change in refractive index as a
consequence of the inclusion of gold nanocrystals. Once the
refractive index (or dielectric constant) of the nanocomposites
is known, the procedure to determine the refractive index of the
NPs basically consists of inverting eq 4. However, this
approximation requires a rough estimate of the value of the
particle volume fraction and the SRF. We have found that most
of the conventional methods to determine the particle
concentration generated absolute errors of at least a few
percent. Consequently, we employed RBS in order to minimize
possible errors in this measurement.
From eq 9, the SRF function has a Lorentzian profile, so that

it is completely determined by the distribution of depolariza-
tion factors (n0) and the bandwidth (w). By carrying out a
linear least-squares fit to the real part of the dielectric constant
or Re(⟨ζ⟩) vs 1/λ2 in the IR region (800 < λ < 1200 nm), it is
possible to determine the values of n0 and w from eq 26. We
found that n0 = 0.35, w = 0.091 and n0 = 0.30, w = 0.11 for the
T = 300 °C and T = 400 °C samples, respectively. Finally, the
complex value of ζ can be deduced from the experimental ⟨ζ⟩
data (or ε from ⟨ε⟩) via numerical iteration at each wavelength.
For this process, a MATLAB routine to minimize the following
residual was employed34

δ ζ ζ ε ε= |⟨ ⟩ − ⟨ ⟩ ̂ ̂ |f n w c( , , , , , ) ; 0l l l m lexp, th , 0 (28)

Here, ⟨ζ⟩exp refers to the optical measurement of the composite
and ⟨ζ⟩th to the calculated values given by eq 11. It should be
noted that δl (where l refers to each different measured
wavelength) must satisfy the condition δl < 10−8 for every
wavelength λl. In some spectral regions, it was impossible to
obtain a valid solution to eq 11. These situations appear in the
high-frequency domain (λ < 400 nm) where TiO2 absorption
dominates the spectrum and for wavelengths larger than 1200
nm, where the very high dielectric constant of the metal
prevents convergence.
In Figure 4, we compare the extracted optical properties of

the gold NPs with published bulk dielectric functions for
gold.35−37 While the results for the sample heated at T = 400
°C look very similar to those of bulk gold, at least over the
spectral range 400 < λ < 1200 nm, the sample treated at T =
300 °C yields a very different dielectric function. It is important
to note that in eq 4 the integral variable n appears in the
denominator along with 1/ζ. Therefore, only when the
magnitude of 1/ζ is comparable in size to n, which runs from
0 to 1, is the inversion process not ill-conditioned. This
condition is satisfied for wavelengths around the SPR
resonance, so that the procedure to determine the optical
constants from composites exhibiting SPR phenomena is robust
in this spectral region. For longer wavelengths, the high
dielectric value of metal NPs, ε, forces the magnitude of 1/ζ
very close to zero, in such a manner that variations in ε do not
produce a change in the effective value of eq 4. Additionally,
there are strong discrepancies between the T = 300 and 400 °C
samples, even in the SPR spectral region. In order to determine
the nature of such differences, we have also included some
modified dielectric functions in Figure 4, which incorporate

Figure 2. Experimentally obtained values of the complex function ρ
collected at two angles of incidence (65°, red line; and 75°, green line)
for TiO2 (dotted lines) and TiO2−Au films (continuous lines)
annealed at 300 °C.

Figure 3. Real and imaginary parts of the refractive indices of TiO2
and TiO2−Au films annealed at 300 °C (upper graph) and at 400 °C
(lower graph). The black dotted lines are the refractive indices of the
TiO2 film, while the red and blue lines are fits using the ellipsometer
fitting software (Woolam) and from eq 3, respectively.
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surface scattering effects,35 calculated using the following
expression

γ γ= +
Av
D

2Bulk
F

eff (29)

Here vF = 1.4 × 106 m s−1 and γBulk ∼ 1.64 × 1014 s−138 are the
Fermi velocity and the damping equivalent wavelength for gold;
Deff is the effective particle size; and A is a phenomenological
scattering parameter. We have used a value of A = 1. Equation
29 can be rewritten as

λ λ λ

λ

= +

≃ D

1 1 1

850

G G,Bulk G,Size

G,Size eff (29a)

It can be estimated that λG,Bulk ∼ 105 nm, and consequently, the
particle size will have an appreciable effect on the dielectric
function of gold when λG,Size < λG,Bulk. This condition is met for
Deff ∼ 15 nm. Therefore, in Figure 4, we have presented a series
of modified dielectric functions, corresponding to particles with
radii ranging from 1 to 15 nm. Our values of the imaginary part
of the dielectric function are consistently higher than the values
for bulk gold tabulated in the book edited by Palik.35 For the
sample heated at T = 400 °C there is reasonable agreement
with modified dielectric functions corresponding to the actual

particle size determined by the Debye−Scherrer method29 (r =
5 nm). However, in the case of the sample heated at T = 300
°C, the effective particle size deduced from the surface electron
scattering is much smaller (Deff ∼ 1 nm) than the physical
particle size. This suggests the presence of crystalline defects.
Equation 29 applies to any kind of defect which can perturb
ballistic electron propagation. Gubicza et al.39 have found that
stacking faults are the most common defect in gold particles
aged at room temperature. The presence of {111} facets is
favored by their lower surface free energy. We also find that the
particle sizes deduced from analysis of the (111) reflections by
the Debye−Scherrer formula are generally larger than those
determined from (h00) maxima. Analysis of the diffractograms
from our composites also yields smaller crystallite sizes for
(111) facets compared to (200) diffraction maxima (about a
50% decrease). Therefore, our ellipsometric data indicate that
fresh gold nanoparticles consist of smaller crystallites, but once
they are annealed above 300 °C, the crystals minimize their
total energy by internal sintering processes to produce equiaxial
crystalline domains.
Finally, it is useful to demonstrate how the methodology

described here can be applied. The gold NPs were originally
dispersed as a sol in ethanol. They were then dispersed into
TiO2 sol−gel matrices, and we have extracted their dielectric
properties from these titania films. We now attempt to
reproduce the original spectra in ethanol, which has a different
dispersive refractive index.40 The results are shown in Figure 5.

Figure 4. Complex dielectric function of the gold NPs extracted from
the ellipsometric data using the SRF approach assuming n0 = 0.347
and w = 0.1 (black lines: films annealed at 300 °C; red lines: films
annealed at 400 °C) compared to the dielectric function of bulk gold26

(blue line with circles). The dashed lines correspond to a series of
modified dielectric functions of bulk gold (eq 29) for particle radii
ranging from 1 to 15 nm in increments of 1 nm.

Figure 5. Experimental and calculated absorption spectra of a 15 nm
gold colloid in ethanol. Black continuous line: experimental spectrum.
Blue dashed-dotted line: calculated spectrum using a Lorentizian-
shaped SRF and assuming n0 = 0.347 and w = 0.043 derived from the
analysis of the TiO2/Au T = 300 °C composite. Red dotted line:
calculated spectrum using the MG model with the same optical data.
Green dashed line: calculated spectrum using a Lorentizian-shaped
SRF with n0 = 0.347 and w = 0.043 but employing bulk gold dielectric
data.
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We have employed the optical parameters extracted from the
TiO2−Au nanocomposites that were annealed at the lowest
temperature (T = 300 °C). It is evident that the SRF dielectric
function determined from TiO2−Au nanocomposites at T =
300 °C nearly exactly reproduces the absorption spectrum of
the Au colloid in ethanol. Because the liquid medium contains
the same gold particles but at a smaller concentration, we have
used the same value of n0 that was obtained from the solid
composite but a lower value of w = 0.043 for the colloid, which
is around half of the composite, w = 0.1. It is interesting to note
that both surface scattering and SRF broadness cause an
increase in the width of the SPR optical absorption peak. It is
also clear from Figure 5 that the MG model, using the dielectric
function corresponding to small nanoparticles, generates a peak
whose fwhm is at least 20% smaller than that of the present
model and fits the experimental spectrum poorly in
comparison. We have also included a theoretical curve
calculated using a Lorentzian-shaped SRF but employing the
dielectric function of bulk gold.35 This peak appears 9 nm blue-
shifted, and its width is around half that calculated using the
size-corrected dielectric function. Therefore, it can be
concluded that when fitting the optical spectra both clustering
and surface scattering need to be accounted for, and effective
medium models are necessary.

5. CONCLUSIONS
We have presented a method for extracting the optical
properties of NPs from moderately dilute homogeneous films
of the NPs. We find that even in dilute samples local clustering
of the particles leads to weak coupling of the polarization fields.
For metal NPs, the clustering leads to broadening of the SPR.
This phenomenon can be accounted for using the spectral
representation function, which allows a distribution of
depolarization factors to be included. A difficulty of the
method is that clustering effects cannot be separated from
shape heterogeneity effects. This is a common issue for reverse
scattering methods. However, for chemically synthesized
nanocrystal ensembles of well-defined morphologyfor
which the depolarization factor L (n0) can be determined
independentlythe method allows the optical constants to be
extracted directly from experimental optical measurements. The
approach can be applied to any system of NPs dispersed within
thin films.

■ ASSOCIATED CONTENT
*S Supporting Information
Additional details about sample characterization, experimental
techniques, and mathematical derivation are provided. This
material is available free of charge via the Internet at http://
pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: cpg@icmm.csic.es.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
P.M. thanks the ARC for support under grant LF100100117
and C.P. acknowledges support under Spanish MINECO
(MAT2011-29174-C02-01).

■ REFERENCES
(1) Garnett, J. C. M.; Garnett, J. C. M. Colours in Metal Glasses and
in Metallic Films. Proc. R. Soc. London 1904, 73, 443−445.
(2) Mie, G. Beitrag̈e Zur Optik Trüber Medien, Speziell Kolloidaler
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