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Thermo-optical properties of composite materials consisting of noble metal nanoparticles spread in a dielec-
tric host matrix are relevant for various fields in fundamental and applied nanosciences. We present a calcu-
lation of these properties in the framework of the Maxwell-Garnett effective medium model, exemplified by
the case of gold nanoparticles in silica. The spectral variations of bulk gold thermo-optical coefficients,
including implicitly the temperature dependence of intra- and interband transitions, are first extracted from
experimental results of the literature. The composite material effective thermo-optical coefficients are then
determined, accounting also for particle and matrix volume thermal expansion as well as temperature depen-
dence of the matrix refractive index. These calculations lead to counterintuitive results in the vicinity of the
surface plasmon resonance of the nanoparticles, originating from the local electromagnetic field enhancement.
The findings are used to simulate the temperature dependence of the optical absorption spectrum of a Au:glass
composite material. The result is compared with experimental data from the literature with good agreement.
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I. INTRODUCTION

The fascinating optical properties of noble metal nanopar-
ticles have recently led to many developments in different
fundamental and applied fields such as ultrafast dynamics,
surface-enhanced Raman scattering, near-field spectroscopy,
nonlinear optics, industrial painting, study of ancient decora-
tive art and craft techniques, photovoltaic device improve-
ment, cancer therapy, chemical or biological sensor design,
biological cell labeling, etc. The properties on which these
developments lie are linked with the local electromagnetic
field enhancement at the surface plasmon resonance �SPR� of
the particles. This manifestation of confinement results, as
often, in a response of the divided metal very different from
the one of the bulk metal. While the optical response of
materials containing metal nanoparticles has been and is still
widely investigated, thermal properties remain much less
studied. They represent, however, a relevant issue from the
points of view of both fundamental physics and technologi-
cal, or even medical, applications.1–3 Parallel to pure thermal
or thermodynamical properties of such materials,4–8 their
thermo-optical response has important involvements, for in-
stance, in ultrafast electron dynamics and nonlinear optics.
By thermo-optical response of a medium one usually designs
the dependence of its complex optical properties �refraction
and absorption of light� on temperature. This dependence is
characterized by two thermo-optical coefficients, which de-
note the variation rate of the refractive index and extinction
coefficient with T. In pump-probe experiments using femto-
second laser pulses, the signal observed after a few picosec-
ond delay from the excitation �that is, once reached the ther-
mal equilibrium between electrons and phonons in the
particle� depends on the medium thermo-optical properties
for both its sign and amplitude.9–12 The thermo-optical be-
havior of a material also compete with its nonlinear optical
response when using long-lasting laser pulses �generation of
a thermal lensing effect�.13–16 It appears then particularly rel-
evant to address such properties.

The rough first approach, when dealing with a medium
consisting of an inhomogeneous mixture of different con-
stituents, is to identify its global macroscopic properties with
the volume average of the properties of each constituent,
provided that the effect of the interaction between them can
be neglected. In the present case, the thermo-optical coeffi-
cients of the nanocomposite medium could then be estimated
as the volume average of the metal and dielectric ones. The
validity of this crude approach will be addressed in the fol-
lowing. Some authors have already established analytical
models to describe the temperature dependence of the optical
constants of nanocomposite material, by accounting for some
of the mechanisms involved.17–19 The usual approach con-
sists in considering the influence of temperature on the pa-
rameters of the Drude theory for the particle quasifree con-
duction electrons. Additional effects as thermal expansion of
metal particle and host medium have sometimes been con-
sidered as well.

In the present paper, measurement results of bulk gold
optical properties as a function of temperature, previously
reported in the literature, are accurately analyzed in order to
extract the thermo-optical coefficients of gold. The effective
dielectric function given by the Maxwell-Garnett model is
then derived relative to T, leading to the effective thermo-
optical coefficients of the inhomogeneous medium. This cal-
culation includes volume thermal expansion of both metal
and surrounding medium as well as surrounding medium
thermo-optical coefficient. It is illustrated in the case of gold
nanoparticles embedded in a silica matrix. The role of the
local electromagnetic field enhancement in the SPR spectral
domain is then highlighted. The evolution of the absorption
spectrum with increasing T is simulated and compared with
other theoretical approaches and experimental results pub-
lished in the literature. The reduction of lattice thermal ex-
pansion in metal particles constrained by a solid host matrix
is finally deduced from this comparison.
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II. GOLD THERMO-OPTICAL PROPERTIES

A. Dielectric function of gold

The optical response of a material is characterized by its
complex index ñ=n+ i� or its dielectric function �̃=�r+ i�i
= ñ2. n is the refractive index and � the extinction coefficient.
For sake of clarity, the frequency dependence of the different
optical parameters will be often omitted in the following.
The optical constants of the noble metals, and among them
especially gold, have been studied both theoretically and ex-
perimentally by many groups in the sixties and
seventies,20–32 or even more recently.33 In these works the
different possible mechanisms responsible for the metal op-
tical properties have been assessed. These properties funda-
mentally originate from the contributions of both intraband
and interband electronic transitions. The former represent
transitions within the conduction band while the latter corre-
spond to transitions from bound levels �d bands in noble
metals in the visible spectral domain� to the conduction band
above the Fermi level. The intraband contribution to the

metal dielectric function, given by the Drude theory for qua-
sifree electrons, writes

�̃intra��� = 1 −
�p

2

��� + i��
, �1�

where � is a phenomenological damping constant which is
inversely proportional to the electron mean free path and
�p= �4�Ne2 /m*�1/2 is the volume plasma frequency �N, e,
and m* are the conduction electron density, electric charge,
and effective mass, respectively�. The spectral variations of
the real and imaginary parts of the gold dielectric function,
as given in Ref. 34, are presented in Fig. 1. In the red and
infrared �IR� spectral zones �E�2 eV, where E is the photon
energy� the only possible transitions are the intraband ones
and absorption ��i� decreases with increasing photon energy.
Interband transitions are possible at higher E values. The
interband absorption threshold energy is worth 1.84 eV
�674 nm� at ambient temperature, corresponding to transi-
tions from the d band to the Fermi level near the X point in
the Brillouin zone �BZ�.25 There are two local maxima at 2.8
and 4.0 eV in �i, corresponding to interband transitions in
the vicinity of different points of the BZ. It is worth noticing
that the discrepancies between optical constant values ob-
served from one work to another in the literature �of the
order of 15% for the second absorption maximum at 4.0 eV�
is attributed to various sample effects such as surface rough-
ness, confinement, strain, etc.25 It is also worth mentioning
that an anomalous absorption, located between 1 and 2 eV,
has sometimes been reported. Thèye suggested it to be re-
lated to some kind of defects or impurities in the samples,21

while Hodgson attributed it to indirect transitions.26

B. Temperature dependence of gold optical constants

Many different effects can contribute to modify the opti-
cal properties of noble metals under temperature variation.
They are schematically summarized in Fig. 2. The most im-
portant of these effects are: �i� Isotropic thermal expansion,

FIG. 1. Real �a� and imaginary �b� parts of gold dielectric func-
tion, as extracted from the experimental values of Ref. 34 further
interpolated by spline-type curves.

FIG. 2. Schematic representation of the differ-
ent thermal effects which can lead to the modifi-
cation of the optical properties of bulk noble
metals.
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�ii� increase of electron-phonon and electron-electron scatter-
ing rates, �iii� broadening of the Fermi level.27–30 Thermal
dilatation causes the modification of the electron energy band
structure �through interatomic distance�, plasma frequency
�through electron density�, and Fermi energy. The second
effect can change both relaxation time and plasma frequency,
and the third one modifies the Fermi-Dirac distribution. All
these phenomena can affect the interband and/or intraband
transitions directly or indirectly. The contribution of each for
a particular photon energy depends on temperature as well as
on temperature variation.28 The maximum thermal modula-
tion of the optical properties of gold is situated around
2.4 eV, corresponding to the d band to Fermi-level transition
near the X and L points of the BZ. Rosei et al. have theoreti-
cally studied the thermo-optical effect in gold through a
model based on the interband transition thermal modulation
near the L point of the BZ.29,30 In addition, as the electron
energy band structure and Fermi-Dirac distribution are modi-
fied with temperature, the interband absorption edge is also
expected to depend on temperature. Winsemius et al. studied
the thermal dependence of the gold interband absorption
edge attributed to two transitions near the X and L points of
the BZ.31,32 Hodgson observed the increase with temperature
of the slight anomalous absorption centered between 1 and
2 eV.26

The temperature dependence of the optical properties is
characterized by the thermo-optical coefficients, i.e., the de-
rivative of the refractive index and extinction coefficient
relative to temperature, dn /dT and d� /dT. In the following,
the derivative of a variable x relative to T, dx /dT, will be
rather written dTx for sake of clarity. Figure 3 presents the
variations of the gold thermo-optical coefficients versus pho-
ton energy, extracted from Ref. 27 by using the following
method. In Ref. 27 the spectral variations of gold absorption,
described by �i /�, are reported for five different tempera-
tures Tj �j=1 to 5� from 295 K to 770 K. We calculate the

real part of the dielectric function for each Tj as follows: �i�
The imaginary part of the interband transition contribution,
�i

inter���, is extracted from the imaginary part of the total
dielectric function, �i���, by using the results of Refs. 31 and
32 where the interband absorption edge characteristics are
measured as a function of temperature. �ii� Kramers-Kronig
analysis is carried out to obtain the interband real part,
�r

inter���, from �i
inter���. �iii� The intraband contribution is

determined by using the Drude parameters given for different
temperatures �from 295 K to 670 K� in Ref. 27. The authors
obtained these parameters by fitting the real and imaginary
parts of �̃��� in the IR spectral domain with the quasifree
electron model �Eq. �1��, since in this domain interband tran-
sitions do not occur, as stated above. � then increases from
4.17�1013 s−1 to 1.04�1014 s−1 and 	�p from
9.28 eV to 9.48 eV when temperature increases from
295 K to 670 K.27 On one hand, the increase of � with T is
not surprising since this damping constant accounts for the
electron collision rate. On the other hand, the volume plas-
mon frequency exhibits a small rise with increasing T: The
effect of the decrease of the electron density N with lattice
expansion is slightly overtook by the effect of the decrease of
the effective mass m*. The spectra nj��� and � j��� are then
calculated at each temperature Tj from the values of �̃ j���
obtained by the procedure described above.

Finally, assuming that n and � vary roughly linearly with
T within the temperature range under consideration �which
has been verified�, we calculate dTn �respectively dT�� at
every photon energy from the slope of a linear fit to nj�Tj�
�� j�Tj��. When experiments are realized at two different tem-
peratures T1 and T2 the quantity 
ñ /
T= �ñ�T2�
− ñ�T1�� / �T2−T1� may be viewed as the estimated value of
dTñ at the average temperature Tav= �T1+T2� /2. Winsemius
et al. have shown excellent agreement between the values of

�i /
T deduced from experiments at two different tempera-
tures and the ones measured at Tav by an optical thermo-
modulation method for both Au and Ag.28 Our results regard-
ing the spectral variations of the gold thermo-optical
coefficients �Fig. 3� can then be considered as mean values
within the temperature range from 295 K to 670 K. As can
be observed on Fig. 3, heating of bulk gold leads to an in-
crease of its refractive index �dTn�0� and a decrease of its
extinction coefficient �dT��0�. The maximum thermal sen-
sitivity of the optical properties in the spectral domain dis-
played and temperature range under consideration lies
around the interband transition threshold. The corresponding
features on the spectra are superimposed on the variations
due to the temperature dependence of the Drude parameters
�collision rate, effective mass, and density of the conduction
electrons�, increasing from UV to IR.

III. VARIATIONS OF THE NANOCOMPOSITE MATERIAL
OPTICAL RESPONSE WITH TEMPERATURE

A. Temperature dependence of the effective optical constants

We will now focus on the thermo-optical properties of
inhomogeneous media consisting of noble metal nanopar-
ticles spread in a transparent dielectric host. Such materials

FIG. 3. Spectral variations of the thermo-optical coefficients dTn
�a� and dT� �b� of bulk gold �mean values over the temperature
range from T=295 K to 670 K�.
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have aroused much interest thanks to their original linear and
non-linear optical properties related to the surface plasmon
resonance �SPR� phenomenon. These properties are thought
to evolve with temperature as the optical response of their
constituents do. A naive way to account for the presence of
both dielectric and metal in the medium would be to calcu-
late the volume-weighted average value of the complex
thermo-optical coefficient, �dTñ�vol, as

�dTñ�vol = pdTñ + �1 − p�dTnm. �2�

However, it will be shown in the following that this approach
is, of course, fully improper, due to dielectric confinement
effect in nanoparticles.

Among the numerous approaches which have been devel-
oped in order to describe the optical properties of inhomoge-
neous media, the pioneering Maxwell-Garnett one is surely
the most simple.35 It is suited for a medium consisting of
spheres of material A spread in a host material B. The sphere
radius is small enough to validate the use of the quasistatic
approximation, and the volume filling fraction of A does not
exceed about 15%. Let us mention here that any quantum
confinement effect due to finite particle size will be disre-
garded in the present approach. Especially, the features origi-
nating from the SPR as predicted by the following calcula-
tions are expected to be damped and shifted as soon as
particle diameter is reduced below a few nanometers. As
every effective medium theory, the Maxwell-Garnett one
aims at describing the effective optical constants of the
whole medium as a function of those of its constituents. It is
applied here for metal nanospheres �complex dielectric func-
tion �̃� in a dielectric matrix �real refractive index nm
=�m

1/2�. The inhomogeneous medium effective dielectric
function, �̃ef f���, then writes

�̃ef f = �m
�̃�1 + 2p� + 2�m�1 − p�

�̃�1 − p� + �m�2 + p�
, �3�

where p is the metal volume fraction. We will illustrate the
influence of temperature on the effective optical properties
by examining the case of gold nanoparticles in a silica matrix
�Au:SiO2�, probably the most widely studied metal/
dielectric nanocomposite material. If the conditions ensuring
the validity of the Maxwell-Garnett theory are fulfilled, then
the value of the effective dielectric function at any specified
temperature can be given by Eq. �3� provided the values of
all the parameters involved are also taken at this temperature.
The temperature dependence of the composite material opti-
cal properties �dTñef f =dTnef f + idT�ef f� can then be derived
from Eq. �3� through dT�̃ef f =dT�ñef f

2� without further re-
stricting the requirements of the Maxwell-Garnett model. In
fact, all three variables in this equation ��̃, �m, and p� can
vary with T. Let us now examine the corresponding contri-
butions to dTñef f, that is, the terms proportional to dTp, dTnm,
and dTñ. First, metal nanoparticle lattice expansion under
temperature rise tends to increase the metal volume fraction,
whereas matrix thermal expansion tends to decrease it. If the
gold and silica thermal dilatations are considered as indepen-
dent processes occurring freely, that is without any strain

generated at the interface, the concentration variation rate
with temperature is given by

dTp = 3p�1 − p���Au − �SiO2
� , �4�

where �Au and �SiO2
denote the thermal linear expansion

coefficients of gold and silica, respectively. Let us underline
that, as dilatation is actually not free and strain is generated
at the particle/matrix interface, the expression above �Eq.
�4�� overestimates the value of dTp. The thermal linear ex-
pansion coefficients of the constituents at ambient tempera-
ture are worth 14�10−6 K−1 for gold36 and 0.5�10−6 K−1

for silica.37 For a Au:SiO2 material with p=8%, Eq. �4� then
provides dTp=3�10−6 K−1.

Second, the dielectric matrix thermorefractive coefficient,
dTnm, is worth about 1.5�10−5 K−1 within our spectral do-
main and temperature range, as given for instance in Ref. 38.
Figure 4 reports the spectral profile of the different contribu-
tions to dTnef f and dT�ef f for p=8%. Note that the contribu-
tions of the temperature dependence of both matrix index
�terms proportional to dTnm� and metal concentration �terms
proportional to dTp� have been magnified ten times as com-
pared with the contribution of gold index temperature depen-

FIG. 4. Spectral variations of the different contributions to
dTnef f �a� and dT�ef f �b� for a Au:SiO2 nanocomposite material
with p=8%, calculated by deriving Maxwell-Garnett formula �Eq.
�3��. Thick solid line: contribution of the gold complex index tem-
perature dependence �terms proportional to dTn and dT��; dashed
line: contribution of the gold concentration temperature dependence
�terms proportional to dTp�; dotted line: contribution of the matrix
index temperature dependence �terms proportional to dTnm�. The
last two ones have been magnified ten times for sake of clarity. The
“naive” thermo-optical coefficient spectra of the inhomogeneous
medium, corresponding to the volume-weighted average of gold
and silica ones, dTñ� �Eq. �2��, have been added for comparison
�thin solid line�. The vertical dashed line denotes the position of the
SPR maximum �2.36 eV�, defined as the energy of the absorption
coefficient maximum calculated at T=400 K.
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dence �terms proportional to dTn and dT�� in order to im-
prove the clarity of the figure. As can be observed, the
thermo-optical contributions of matrix index and metal con-
centration are positive over the whole spectrum and present a
resonance behavior close to the SPR �the maximum of which
is located at 2.36 eV for p=8% and T=400 K�. At this con-
centration value, these two contributions remain negligible
as compared with the metal index one in the vicinity of the
SPR. In this spectral range and for high enough p values
�i.e., sufficient for the SPR band to appear in the linear ab-
sorption spectrum� the derivation of Eq. �3� then simplifies
into the only thermo-optical contribution of the metal index

dT�̃ef f =
9p�m

2

��̃�1 − p� + �m�2 + p��2dT�̃ . �5�

This dominant term exhibits strong amplitude and sign varia-
tions in both the effective refraction and extinction spectra
around the SPR �see Figs. 4�a� and 4�b��. The surprising fact
is that, whereas the metal amount in the medium is relatively
low, the effective thermo-optical response is completely dif-
ferent from the one of the main constituent, that is, the di-
electric host medium. Indeed, the thermo-optical coefficient
of the latter is low as compared with the absolute value of
dTnef f around the SPR. Moreover, whereas dTnm is positive at
ambient temperature over the visible spectrum, dTnef f pre-
sents large negative values in the vicinity of the SPR maxi-
mum. This implies for instance that, even at low metal filling
fraction, the thermal lensing effect in a nanocomposite ma-
terial cannot be described by the only dielectric host thermo-
optical properties as it has yet been done.39,40 Moreover, an
absorptive thermo-optical effect, which is always disre-
garded in the literature, can occur parallel to the refractive
one. Of course, when p tends to zero, Eq. �5� is no more
valid and dTnef f and dT�ef f converge to dTnm and zero, re-
spectively.

The curve corresponding to the naive volume-averaged
estimation �Eq. �2�� is reported on Fig. 4 as a thin solid line.
It can be observed that this simple approach gives results
very different from those obtained through the optical effec-
tive medium one, not only regarding the amplitude of the
coefficients, but also their spectral profile and their sign.
Hence, what was inferred more than a century ago about the
linear optical properties of an inhomogeneous medium35 is
also valid for its thermo-optical properties: The effective op-
tical constants �respectively, thermo-optical coefficients� of
the medium are not simply given by the volume average of
those of its constituents. This fact, highlighted by the dis-
crepancies between the thin and thick continuous curves on
Fig. 4, is due to the complex electromagnetic field enhance-
ment at the SPR of the metal nanoparticles. Such a “counter-
intuitive” result was already underlined by Smith et al. re-
garding the influence of the local field enhancement on the
effective third-order nonlinear susceptibility of nanocompos-
ite materials.41 Here, the most spectacular realization of this
effect lies probably in the light refraction properties:
Whereas both gold and silica have a positive thermorefrac-
tive coefficient, the composite medium consisting of a het-

erogeneous mixing of gold and silica exhibits a large nega-
tive one around the SPR.

Such as the effective dielectric function �Eq. �3��, the ef-
fective complex thermo-optical coefficient �Eq. �5�� presents
a resonant behavior around the estimated SPR circular fre-
quency, 
SPR, defined by

�r�
SPR� = −
2 + p

1 − p
�m�
SPR� . �6�

The enhancement of the local electromagnetic field at reso-
nance results in the enhancement of the thermo-optical re-
sponse of the nanocomposite medium. However, due to the
square in the denominator and the multiplication by the com-
plex quantity dT�̃ �Eq. �5��, the effect of this enhancement on
the spectral profile �sign, position, width� of dTnef f and dT�ef f
is not straightforward.

Out of the SPR spectral range, the situation is quite dif-
ferent. One can observe on Fig. 4 that shifting to the infrared
�photon energy less than �1.5 eV� or to the ultraviolet �pho-
ton energy higher than �3 eV� leads to the cancellation of
the term proportional to dT�̃ in dT�̃ef f, while the relative
weight of the terms proportional to dTnm and dTp increase.
This terms cannot be neglected any more, in particular in the
refractive thermo-optical coefficient �Fig. 4�a��.

Let us examine the influence of metal concentration on
the material thermo-optical properties. Figure 5 presents the
spectral profiles of both dTnef f and dT�ef f for Au:SiO2 with
p=1%, 8% and 15%. One can observe that, just as for the
effective optical properties, the location of the thermo-optical
features linked with the SPR �minimum of dTnef f and dT�ef f
between 2.2 and 2.4 eV� shifts to lower photon energies as
metal concentration increases.

FIG. 5. Spectral variations of the effective thermo-optical coef-
ficients dTnef f �a� and dT�ef f �b� of a Au:SiO2 nanocomposite ma-
terial for three different gold concentrations: p=1% �dotted line�,
p=8% �solid line�, and p=15% �dashed line�.
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B. Variation of the absorption spectrum with temperature

We will now apply the approach described above to the
optical absorption spectrum of nanocomposite media. A few
experimental works were reported in the literature regarding
the evolution of absorption with temperature.19,42–46 Dore-
mus, for instance, measured the absorption spectrum of Au-
:glass composites at 25 °C and 514 °C.42 His results regard-
ing particles with a mean radius R=6 nm �Fig. 10 of Ref. 42�
are reported in Fig. 6�a� �solid lines�. The SPR band lies
around �2.35 eV. The monotonous absorption observed in
the blue-UV range is due to interband transitions. As can be
observed, the SPR band is broadened and damped with in-
creasing temperature, and its maximum is shifted to lower
energies. The broadening particularly occurs in the low-
energy wing of the resonance band. For these material com-
position and temperature increase, the change in gold volume
fraction is about 10−3 and cannot be directly responsible for
the absorption peak shift. Thus, absorption shift is attributed
to gold optical constant variations with temperature, “ampli-
fied” by the local field enhancement, as stated above. Dore-
mus also measured similar behavior for smaller particles
�2.5 nm diameter, see Fig. 12 of Ref. 42�, even if the ampli-
tude, width and location of the SPR band are modified by
quantum size effects. The author ascribed the modification of
the SPR band with increasing temperature to the decrease of

the particle electron density. He also observed later a broad-
ening and damping of the SPR absorption band with increas-
ing T in silver nanoparticles about 15 nm in diameter, but
with almost no change in the SPR maximum frequency.43

Some of these features were recorded as well in the low
temperature range by Kreibig and Heilmann:44,45 Decreasing
T from ambient temperature to 1.4 K leads to the enhance-
ment and very weak blueshift of the SPR absorption band in
the case of gold, silver and copper nanoparticles embedded
in gelatin or plasma polymer. Link and El-Sayed also ob-
served a decrease and slight broadening of the SPR band of
colloidal gold �22 nm diameter� with increasing T from
18 °C to 72 °C, with no detectable shift within this tempera-
ture range.46

Chiang et al. already attempted to simulate the evolution
of the nanocomposite refraction and extinction coefficients
by using Maxwell-Garnett and Bruggeman approaches.17 In
this work, the only influence of the electron-electron and
electron-phonon scattering variation with temperature on the
metallic particle optical properties was accounted. Such a
model is obviously not sufficient since it predicts an absorp-
tion increase with T whatever photon energy, whereas both
experiments42–46 and the present investigation show a de-
crease in the SPR spectral domain. Following Chiang and
coworkers, Gao and Li carried out calculations of the linear
and nonlinear optical properties of nanocomposite media as a
function of T, in the framework of the Maxwell-Garnett
model treated in the spectral representation.18 In addition to
the temperature dependence of the electron-electron and
electron-phonon collision parameter �, the temperature de-
pendence of the electron density involved in the volume
plasma frequency was included. Authors found for Au:MgF2
that linear absorption decrease �resp. increase� with increas-
ing T for photon energies lower �greater� than 5.0 eV, while
the energy of the SPR band maximum does not vary. Liz-
Marzán and Mulvaney carried out measurements of the evo-
lution of the SPR absorption band in gold colloidal aqueous
and ethanolic solutions �the gold nanoparticles are coated
with a silica shell� within the temperature ranges 14–70 °C
and 16–50 °C, respectively.19 They observed no significant
shift but a damping of the SPR band with increasing T. Ana-
lyzing their results through the Drude description of the
metal optical properties, they came to the conclusion that
thermally-induced changes of both solvent density and con-
duction electron scattering frequency are the main mecha-
nisms involved, whereas metal volume thermal expansion
and temperature dependence of the solvent refraction index
are negligible. They also inferred that the influence of the
surrounding medium thermal expansion may be much re-
duced for nanoparticles embedded in a solid dielectric
matrix.19

All these theoretical approaches account for the
thermally-induced change of the quasifree electron behavior
through the Drude description of their contribution to the
metal dielectric function. Our approach is somehow differ-
ent, as we have extracted the complex thermo-optical coeffi-
cient of bulk gold from results of the literature, which im-
plicitly includes the influence of both quasifree electrons and
interband transitions. We then have determined the effective
thermo-optical response of the nanocomposite material by

FIG. 6. �a� Spectral variations of the optical absorption, defined
as �=2n� /�, of glass-embedded gold nanoparticles �diameter:
12 nm�, reported from the results of Doremus �Fig. 10 of Ref. 42�
obtained at 25 °C �thick solid line� and 514 °C �thin solid line�.
The dotted line corresponds to the Maxwell-Garnett model calcula-
tion at ambient temperature �Eq. �3�� with fitted metal volume frac-
tion p=5.3�10−5 and Drude collision factor �=0.23 eV. �b�
Thermo-optical absorption, dT�, derived from the experimental re-
sults of Doremus �solid line�, calculated through our model assum-
ing free metal thermal expansion �dotted line� and accounting for
the reduced thermal expansion in matrix-embedded metal particles
by quenching by an arbitrary factor 3 the contribution of metal
thermo-optical coefficient, dTñ, to the effective medium one
�dashed line�.
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deriving the Maxwell-Garnett model, including also the tem-
perature dependence of metal concentration and matrix re-
fractive index.

We have chosen the experimental results of Doremus, re-
ported in Ref. 42, regarding gold particles with a mean ra-
dius R=6 nm, for evaluating our model; indeed, the experi-
mental temperature range is large, providing significant
changes in the optical response, and falls within the applica-
bility domain of the bulk gold thermo-optical coefficients
that we have extracted �see Sec. II B�. Moreover, the par-
ticles are large enough to induce only slight finite size ef-
fects. These effects can be taken into account in a phenom-
enological manner by modifying the collision parameter, �,
of the Drude theory for the intraband contribution to the
dielectric function �see Eq. �1��. Note that such a limitation
of the conduction electron mean free path may also stem
from the possible increased number of lattice defects in the
particles as compared to the bulk. The interband contribution
to �̃ has been first determined from the experimental dielec-
tric function of gold by following the procedure described in
Ref. 47. The Maxwell-Garnett model �Eq. �3�� has then been
fitted to the experimental absorption spectrum at ambient
temperature reported by Doremus, with p and � �Eq. �1�� as
free parameters. The result is reported in Fig. 6�a� �dotted
line�, showing the spectral variations of the absorption de-
fined as �=2n� /� �� is the light wavelength� as in Ref. 42.
The agreement between the experimental data and the fitted
model curve is very good. The metal concentration is found
to be worth 5.3�10−5, which falls within the range reported
by Doremus �4�10−5 to 8�10−5�, and �=0.23 eV. The
slight discrepancy between the latter and the bulk value of
0.14 eV,48 stems from different effects leading to the reduc-
tion of the electron mean free path �surface scattering due to
finite size, lattice defects� as stated above.

The derivative of absorption relative to temperature, dT�,
has been extracted from the data of Doremus at 25 °C and
514 °C �solid lines of Fig. 6�a��. The result is shown on Fig.
6�b� �solid line� together with the corresponding calculated
value obtained by using the method described in Sec. III A
�dashed line�. The metal concentration and the collision fac-
tor of the Drude contribution to �̃ are those fitted at ambient
temperature as described in the preceding paragraph. No ad-
ditional fit has led to the theoretical results of Fig. 6�b�. In
these conditions, a rather good qualitative agreement can be
observed between experimental and theoretical curves: the
order of magnitude of dT� is well estimated by the model,
and the existence of a positive maximum at low photon en-
ergy and a negative minimum at the plasmon resonance are
predicted. However, several discrepancies can be pointed
out: The magnitude of the absorption changes with tempera-
ture appears overestimated, the maximum at low energy is
shifted to the red as compared with the experimental result,
and the sign change at �2.5 eV as well as the fact that dT�
tends to zero towards UV are not predicted. These discrep-
ancies are thought to stem from the model assumption of a
free thermal expansion of the metal particles, which may not
be valid in the case of a solid matrix host as already high-
lighted by transmission electron microscopy and extended

x-ray absorption fine structure �EXAFS� experiments.49,50

The thermal expansion of glass-embedded particles is ex-
pected to be reduced as compared to the bulk case, due to
constraint at the particle-matrix interface. This was already
suggested in the analysis of time-resolved x-ray diffraction in
silver and gold nanoparticles51 �see especially endnote �24�
of Ref. 51�. If metal thermal expansion is limited as com-
pared to free particles, the change in the dielectric function
will be lowered. This may especially be true regarding the
contribution of interband transitions, the thermal variations
of which are due to the band structure modifications subse-
quent to lattice parameter changes. In order to assess the
assumption of a reduced lattice expansion in glass-embedded
nanoparticles, the contribution of metal intrinsic thermo-
optical effect, characterized by dTñ, to the effective medium
thermo-optical coefficients has been arbitrarily divided by a
factor three in the present model. Let us recall that the con-
tribution of the concentration change, dTp, remains negli-
gible in this spectral range. The results are reported on Fig.
6�b� �dashed line�. Apart from the sign inversion at �2.5 eV,
one can observe a much better prediction of the experimental
data for dT�, regarding the magnitude of the absorption
changes, their spectral location, and their cancellation to-
wards UV. Of course, a more accurate analysis should be
required to precisely determine the effect of confinement and
strain on the optical and thermo-optical properties of metal
nanoparticles.52 Nevertheless, these results validate the theo-
retical approach presented above.

IV. CONCLUSION

The thermo-optical properties of composite materials con-
sisting of metal nanoparticles embedded in a dielectric host
medium have been calculated and illustrated in the case of
Au:SiO2. The calculation lies on the Maxwell-Garnett effec-
tive medium model in which the temperature dependence of
both dielectric functions and relative filling fractions of
metal particles and matrix are taken into account. The strik-
ing influence of the local electromagnetic field enhancement
in the vicinity of the surface plasmon resonance of the nano-
particles has been demonstrated. Consequently, the thermo-
optical response of such nanocomposite media is expected to
be very sensitive to any phenomenon or morphological char-
acteristics known to affect the local electromagnetic field en-
hancement as, for instance, quantum size effects, chemical
interface damping, or spatial organization of the particles.
These predictions may be confirmed by experiments by us-
ing methods similar to those employed earlier for pure met-
als, such as thermomodulation spectroscopy. Additional
mechanisms, as particle finite size effects in both metal di-
electric function and metal thermal expansion coefficient,
should also be included in order to improve the description
of the thermo-optical response of nanocomposite materials.
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