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Au-particle/Al2O3-matrix nanocomposite thin films with a narrow Au particle size distribution were
fabricated by radio-frequency magnetron cosputtering. The films were characterized both
chemically and structurally using x-ray photoelectron spectroscopy, x-ray diffraction, and
transmission electron microscopy. The optical absorption of samples with various Au particle sizes
and concentrations were measured using an ultraviolet/visible-spectrometer. Both the Au
nanoparticle size and the Au concentration increase result in a redshift of the Au surface-plasmon
resonance energy. The redshift due to the size effect is concluded as mainly originating from the
size-dependent dielectric function of Au core electrons and a semiquantitative description of its size
dependence is presented. The experimental result describing the concentration effect suggests a
deviation from the conventional Maxwell-Garnett effective medium theory, which can be corrected
by introducing the multipole effect based on the dipole-dipole interaction model. ©2005 American
Institute of Physics. fDOI: 10.1063/1.1868052g

I. INTRODUCTION

In recent years, noble-metal-particle/matrix nanocom-
posite materials have aroused great interest in both basic sci-
entific research and technical applications such as nonlinear
optical devices and optical waveguides.1–4 The optical ab-
sorption of the noble-metal particles is dominated by the
resonant coupling of the incident field with the collective
oscillations of conduction electronssd fthe so-called surface-
plasmon resonancesSPRdg.5,6 The specific absorption is de-
termined by both the conduction electrons in the metal par-
ticle and the coupling field in the vicinity of the individual
particle. Different from the alkali metals, the collective os-
cillations of conduction electronssd of the noble-metal par-
ticle are greatly affected by the core electronssespeciallyd
band electronsd.7,8 In general, theoretical models describing
the surface-plasmon resonance of noble-metal particlessin a
mediumd have been well developed. Among them, Mie
theory is successful in explaining the coupling of isolated
spherical particles with the external field in the quasistatic
regime, but it breaks down as a result of the interactions
between the particles when the interparticle distance is
small.7,9–11 The Maxwell-GarnettsMGd effective medium
theory agrees better with the experimental results by intro-
ducing the particle-particle interactions, as well as the modi-
fications induced by the matrix material and the nonspherical
particle shape.12

As a comparison to the theoretical works, the experi-
mental data in the literature are much scattered and in many
cases confusing. Although it has been identified that the SPR
is influenced by four factorssincluding the metal particle
size, as well as the concentration, shape, and dielectric func-
tion of the surrounding materialsd,6,7,10 the complicated
sources of the first two factors make it difficult to differenti-

ate them experimentally. Moreover, the lack of experimental
data in the small size regime causes more confusion when
compared with various theoretical models. In addition, there
is always a problem with the credibility of experimental data,
i.e., a large particle size distributionsresulting from the fab-
rication techniquesd leads to an averaged response. In order
to address the above issues, a systematic study on the nano-
composite films, especially in the small size range with nar-
row size distribution, is desired.

In the present work, Au-particle/Al2O3-matrix composite
films with narrow particle size distributions and various gold
concentrations were deposited using radio-frequencysrfd
magnetron sputtering. The SPR results from the Au nanopar-
ticles in the composite films were studied as functions of
both the Au particle size and concentration. The experimen-
tal data were then fitted and compared to various theoretical
models in order to determine the size and concentration ef-
fects. Finally, the discrepancies between the experimental re-
sults and the existing theoretical models are discussed.

II. EXPERIMENTAL

The Au/Al2O3 nanocomposite thin films were deposited
by rf magnetron cosputtering in a high vacuum chamber with
a base pressure of 5310−6 Torr. The two targets were Au
s99.99%, Goodfellowd and Al2O3 s99.99%, Goodfellowd
plates. Different types of substrates were used for different
characterizations, i.e., Si wafers for the microstructure char-
acterization and quartz glass sheets for the optical absorption
measurement. In order to obtain the desired metal particle
size and concentration, deposition parameters, including the
two target powers, deposition pressure, and the annealing
temperature, were independently varied. Selected samples
with different volume concentrations were further annealed
from 200 °C to 900 °C in an Ar environment for 2 h. The
details are listed in Table I.
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The samples were then characterized both chemically
and structurally using different techniques. First, the atomic
concentration of the Au was examined by an x-ray photo-
electron spectroscopysXPSd in-depth profile, so that infor-
mation on both the film surface and the film interior can be
obtained. The atomic concentration was then converted to
the volume concentrationsalso known as the filling factord
by a simple calculation.13 The general crystallinity of the
film was investigated by glancing angle x-ray diffraction
sXRDd, and the mean particle sizesrefers to the radiusR of
the spherical particlesd can be obtained based on the Scherrer
formula.14 In order to find the metal particle size distribution
and the detailed microstructure of the thin film, transmission
electron microscopyfsTEMd, Philips CM 120 and Tecnai 20
STg was employed. Finally the optical absorption of the
composite films were studied using an UV/VIS spectrometer
operating in the wavelength range of 350–800 nm.

III. THE OPTICAL RESPONSE OF THE
NANOCOMPOSITE THIN FILMS—MAXWELL-
GARNETT EFFECTIVE MEDIUM THEORY

Among all the existing theories, the MG effective me-
dium theory is the most comprehensive one. It includes the
contributions from the dielectric properties of both the par-

ticles and the matrix, the shape of the individual particles,
and the particle-particle interactions. Under the mean field
approximation, the optical property of the nanocomposite
system is described by«eff as a whole, which is the dielectric
function of the effective medium, as defined in the general-
ized Maxwell–GarnettsMGd effective medium theory:15,16

«eff − «m

L«eff + s1 − Ld«m
= f

«1svd − «m

L«1svd + s1 − Ld«m
, s1d

where«1svd is the real part of the dielectric function of the
metal particle,«m the dielectric function of the surrounding
medium,L the shape factorsor depolarization factord of the
particle,17 and f the filling factor salso known as volume
concentration, which reflects the extent of the particle-
particle interactions by means of their dipolar fieldsd. In the
present study, the shape factorL is taken as 1/3 for spherical
particles6 sthis is justified in later sectionsd, which leads to a
simplification of Eq.s1d sRef. 18d to

«eff − «m

«eff + 2«m
= f

«1svd − «m

«1svd + 2«m
. s2d

The real part of the metal particle dielectric function«1svd
represents the optical properties of a single particle and can
be expressed as6,7,19

TABLE I. Detailed deposition parameters, the resulting metal concentrations, filling factors, and particle sizessradiusd in different series of samples.

Sample
number

Au target
power

swd

Al2O3

target
power

swd

Ar
pressure
smTorrd

Au atomic
concentration

sat. %d

Au
filling
factor

Particle
radius
snmd

Annealing
temperature

s°Cd

Size
effect

sanneal
-ingd
series

A1 20 400 10 1.41 0.0276 1.1 as-prepared
1.4 300
1.6 400
1.7 500
2.1 600

A2 20 350 30 12.16 0.2155 1.7 as-prepared
1.9 200
2.1 300
2.9 500
3.2 600
8.7 900

Concen
-tration
effect
series

C 20 400 10 1.41 0.0276 1.1
20 350 1 2.52 0.0488 1.3
20 300 1 4.15 0.0791 1.4
30 350 10 6.57 0.1225 1.4
20 190 1 9.94 0.1797 2.5
30 400 1 11.09 0.1984 2.0
20 350 30 12.16 0.2155 1.8
30 350 1 13.95 0.2434 2.8
20 235 10 14.30 0.2488 1.8
40 350 1 15.84 0.2719 3.1
30 300 1 16.09 0.2756 2.8
30 235 1 16.96 0.2884 2.9
30 190 1 17.68 0.2988 3.0
30 300 10 18.31 0.3079 2.1
40 300 10 22.00 0.3589 2.2
30 400 50 23.44 0.3779 3.0
30 300 50 30.07 0.4596 2.7
30 350 30 30.81 0.4691 2.5
30 235 10 32.78 0.4918 2.6

114303-2 Wang, Lau, and Li J. Appl. Phys. 97, 114303 ~2005!

Downloaded 10 May 2007 to 137.189.4.1. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



«1svd = «d8 −
vp

2

v2 + 1/t*2 . s3d

The term«d8 refers to the real part of the dielectric function
contributed by the core electronssespecially thed electronsd.
The second term is the contribution from the conduction
electrons based on the Drude free electron model.vp is the
bulk plasmon frequency conventionally defined asvp

=sne2/«0meffd1/2.20 t* is the electron relaxation time, which
can be neglected in the case of free electron metals, ast*

!vp,
21 leading to a simplified version of Eq.s3d:

«1svd = «d8 −
vp

2

v2 . s4d

Based on the MG theory, the surface-plasmon resonance oc-
curs when

«1svsds1 − fd + «ms2 + fd = 0, s5d

wherevs is the surface-plasmon resonance frequency.10,18,22

On the condition where the Mie theory holds for the
ideally isolated particle systemsf <0d, Eq. s5d is simplified
to

«1svsd = − 2«m, s6d

which further gives the Mie resonancevs sRef. 23d as

vs =
vp

Î2«m + «d8svsd
. s7d

In more general cases wheref .0:

vs =
vp

Î2 + f

1 − f
«m + «d8svsd

. s8d

The medium dielectric function«m is taken as a constant
number of 3.1 for the Al2O3 matrix in the energy range
examined.7,24 Therefore the above equation suggests that
three factors will affect the surface-plasmon frequency:

s1d vp, which relates to the conduction electron density.
s2d «d8svsd, the core electrons contribution to the dielectric

constant in the vicinity of the surface-plasmon reso-
nance.

s3d f, the volume concentration of the metal.

IV. RESULTS AND DISCUSSIONS

A. General description of the as-prepared thin films

The XPS in-depth profiles indicate that the chemical
compositions of the film interiors remain unchanged. In gen-
eral, the Au concentrations in the as-prepared films increase
with increasing Au target power, decreasing Al2O3 target
power, and increasing Ar pressure. The same dependence of
the particle size on the two target powers is found. Never-
theless, the trend that the particle size decreases with increas-
ing Ar pressure only holds at low Au concentrations. These
trends can be found in Table I, which also summarizes the
structural characteristics of the annealed films. The thick-
nesses of all the films are in the range of 100–200 nm,

which allows sufficient light transmission in the optical ab-
sorption measurement. The transmission colors of the films
change from brownish to red and purple owing to the chang-
ing of the SPR frequency as well as the backgroundsinter-
band transitionsd in the absorption spectrum.

B. Size effect on SPR shift

XPS results show that the Au volume concentrations of
samples A1 and A2 are 2.76% and 21.6%, respectively. Such
concentrations remain unchanged after the annealing pro-
cess. No peak shape change or any chemical shift is detected
for all the annealed samples, compared to those of the as-
deposited ones. We therefore conclude that the Au remains in
its metallic form in all of the samples. The general crystal-
linity of the annealed series A1 is disclosed by the XRD
results shown in Fig. 1sad. Based on the Scherrer equation,
the average sizesradiusd of the Au particles before and after
annealing are estimated to range from,1.1 nm sas-
preparedd to ,2.1 nm s600 °Cd as listed in Table I. The
particle size evolution of the annealed series A1 is further
confirmed by TEM investigationsfFig. 2sadg, which also re-
veal the spherical particle shape and the narrow size distri-
butionsstandard deviation of the radius is 0.23 nmd of the Au
particles in individual samples. A similar trend is observed in
the annealed series A2, in which the Au particle radius in-
creases from,1.7 nm to,8.7 nm festimated from the
XRD results in Fig. 1sbd as the annealing temperature is
raised to 900 °Cg. It should be pointed out that the concen-
tration and the separation distance of the Au particles cannot
be measured directly from the TEM micrograph, which is

FIG. 1. XRD results of the two annealing series:sad A1 sf =2.76%d, sbd A2
sf =21.6%d.
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effectively the two-dimensional projection of the sample due
to its finite thickness. In addition, the transmission electron
diffraction and high-resolution TEM are performed on these
samples in order to determine the microstructure of the Au
particles. Representative results of several selected films
from series A2 are shown in Fig. 2sbd as examples. The
selected area electron diffraction patterns change from dif-
fused rings to sharp rings and then to well-defined diffraction
spots as the particle sizes increase fromR=1.7 nm sas-
preparedd to 1.9 nms200 °Cd, and then to 2.8 nms500 °Cd,
respectively. The lattice spacing of the Au particles with dif-
ferent size is estimated using both transmission electron dif-
fraction sTEDd and high-resolution TEMsHREMd, while no
difference is detected for all the samples examined within the
experimental error.

The corresponding optical absorption spectra of series
A1 and A2 are shown in Fig. 3. The SPR peaks of both series
are located in the wavelength range from,520 nm to
,565 nm. A redshift in the SPR is detected in both series for
samples annealed to higher temperatures. The surface-
plasmon resonance energy is then plotted as a function of the
reciprocal of the Au particle radius for both seriessFig. 4d.
Curve fitting shows that both of them deviate from linear
relations. In addition, an obvious “jump” exists in-between
the two annealing series, as marked by the arrow in Fig. 4.

The observed SPR redshift with increasing Au particle
size is generally ascribed to the so-called “size effect,” which
includes both the extrinsic size effect and the intrinsic size
effect. The extrinsic size effect refers to the size-dependent
interference of the retarded electromagnetic wavesthe phase
retardation induced higher multipolesd, which is only consid-
ered when the particle size is comparable to the wavelength
of the incident light. Such effects can be ignored when the
particle diameter is less than 20 nm,7 which satisfies the
present experimental results.

The intrinsic size effect of the particle material is re-
stricted to the quasistatic regimesRøld, and is expressed in
the form of a size-dependent dielectric function, i.e.,«sv ,Rd.
The phenomenological dielectric function«sv ,Rd, obtained
either from experiments or theoretical calculations, indicates
the averaged contributions from all electronic and structural
factors of the particles. In order to find the origin of the SPR
shift with the particle size as stated above, we studied the

FIG. 2. sad TEM images of several selected samples from the annealing
series A1, showing the evolution of the particle size as temperature in-
creases.sbd High-resolution TEM images and the corresponding selected
area diffraction patterns of several selected samples from the annealing se-
ries A2.

FIG. 3. Optical absorption spectra of the annealing seriessad A1 andsbd A2.

FIG. 4. The surface-plasmon resonance energy as a function of the recipro-
cal of the Au particle size in sample series A1 and A2.
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intrinsic size effect on the two parameters based on the ex-
pression of the real part of the metal particle dielectric func-
tion «1sv ,Rd in Eq. s4d fwhich further determines the SPR
frequency in Eq.s7dg, i.e., the size dependence ofvpsRd and
«d8svd.

We discuss the size effect onvpsRd first. Knowing from
the definition ofvpsRd, vp=sne2/«0meffd1/2, it is mainly de-
termined by the electron densityn. Regarding this aspect, the
“spill out” effect in very small particles7,25 and the lattice
contraction effect26 have been well established in the litera-
ture in explaining the changes invpsRd as the metal particle
size varies. In the first case, the “spill out” of the free elec-
trons on the particle surface leads to a decreased volume-
averaged electron densityn, and finally a redshift of the SPR
energy due to the decrease invpsRd. This effect, which is
essential in interpreting the redshift of the SPR with decreas-
ing particle size in alkali metals, is, however, trivial in the
case of Au due to the strong screening of itsd electronsfa
large «d8svd valueg.23 In the latter case ofvpsRd, one of the
direct consequences of the lattice constant variation is the
change of the electron densityn. Such lattice contraction,
resulting from the surface stresssor the interface stress for
embedded particled of the particles,27 can be described as

Da

a0
= −

2

3

KS

R
, s9d

wherea0 is the lattice constant andDa the lattice contraction
value. For metals with face-centered-cubic structure the ex-
pression ofvpsRd can be written as

vpsRd = s4e2/a3«0meffd1/2 = vps`d
a0

3/2

a3/2

= vps`dS1 −
3

2

Da

a0
D ,

and thus

vs =

vps`dS1 +
KS

R
D

Î2 + f

1 − f
«m + «d8svsd

, s10d

which indicates a linear dependence of thevs on 1/R.
Nevertheless, both HREM and TED results of the Au

nanoparticles in series A1 and A2 reveal that the lattice con-
traction, if any, is too small to be distinguished. Moreover,
both curves in Fig. 4 deviate from linear function, indicating
that such lattice concentration effects, although possibly im-
portant in affecting the SPR shift in some specific cases,26 is
not a major factor in the current study.

We can now focus on the contribution from«d8svd after
eliminating that fromvpsRd. It is known that the core elec-
trons have important influences on the SPR energy of the
noble-metal particles when considering the screening effect
from the d electrons.7,28–30 As the “spill out” of the free
electrons on the particle surface, they are incompletely em-
bedded inside the ionic-core background, leading to the in-
effective screening at the skin region. As a consequence, the
dielectric propertyscharacterized by«d8d of the skin region is

different from that of the inner part. Regarding this, a two-
region sor multilayerd dielectric model is employed to inter-
pret the size dependence of the total«d8. The bulk value of Au
«d8 in the vicinity of vs is ,10 and«d8sR−a, r ,Rd<1 in
the surface skin region.23,31Therefore,«d8 can be treated as an
effective core polarization with both bulk and surface terms.
The decreasing value of«d8 sas the particle size decreasesd
originates from the increasing contribution from the
polarization-free surface, as the surface-to-volume ratio in-
creases. A more explicit understanding can be obtained from
the time-dependent local-density-approximationsTDLDA d
calculations, taking into account thed electrons and the ma-
trix screen effects.32

However, the ineffective screening on the surface layer
is not the only factor that contributes to the change of«d8,
especially in the case of Au. In fact, the much stronger blue-
shift trend observed in gold particles is a consequence of the
v dependence of«d8svd.8,31,33 In gold, the edge of the inter-
band transitionsthe onset of a weak transition at 1.94 eV
nearX, and a stronger one at 2.45 eV nearL in the Brillouin
zoned coincides with the position of the SPR at,2.2 eV.6,34

The influence of the size-dependent interband transition on
the SPR must be taken into consideration. The interband
transition is mainly determined by the material electronic
structures, which can be influenced by the following particle-
size-related factors:s1d the lattice-contraction-induced varia-
tion of the lattice constant;35,36 s2d the lattice defectssimpu-
rities, point defects, multidomain structures with grain
boundariesd, etc.,7 s3d special surface/interface states due to
the structural reconstruction of the surface or the particle
immersion in the alumina matrix,37–40 and s4d the charge
transfer between the particle and the matrix at the particle/
matrix interface.41,42 All these affect the electronic structure
of the Au particles, and thus contribute to«d8svd.

Therefore, in addition to the expectations from the
TDLDA calculations, the influence of the interband transi-
tion must be considered. It is important to find out how the
core electron dielectric function«d8svd would change with
the particle size. In this work, the size dependence of«d8svsd
is obtained from Eq.s8d by measuringvs as a function of
size, takingvps`d=9.1 eV/" sthe bulk plasmon resonance
frequency for Aud, «m=3.1 for the Al2O3 matrix, and f
=2.76% and 21.6% for A1 and A2, respectively. Both series
in Fig. 5 demonstrate the general trend of«d8svsd, decreasing
as the particle size decreases and with a larger decreasing
rate in the small size regionsthe radius is less than 5 nmd.
Intuitively, «d8svsd should be independent of the metal con-
centration; however, the two series with different concentra-
tion spresented in Fig. 5d do not join and cannot be fitted
with a single curve. In fact, a similar “jump” is already ob-
served in Fig. 4. The jump there originates from the Au con-
centration difference of the two series. The Au concentration
of series A1 is close to the low concentration limit of the
ideally isolated particles so that the influence of the interpar-
ticle interactions can be ignored and it can be well modeled
by the MG theory or even the Mie theoryff <0 and«1svsd
=−2«mg, while series A2 belongs to the interacting system
because of the much higher Au concentrations.20%d. A
redshift in the SPR energy is detected in Fig. 4 when the
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particle concentration becomes larger, which leads to the in-
vestigation of the concentration effect as discussed in the
next section.

C. Concentration effect

In this series of experiments, we change the Au volume
concentration in the samples at several specific particle sizes.
Detailed information can be found in Table I. The surface-
plasmon resonance energies of these samples were measured
and plotted as a function of the volume concentrationf in
Fig. 6. A theoretical curve describing the SPR energy as a
function of the Au concentration is also plotted in the same
figure sthose with open circlesd based on the MG theory us-
ing the bulk value of«d8svsd. In general, the experimental
SPR energies redshift with the increasingf, which is similar
to that of the MG curve. Nevertheless, they do deviate from
the theoretical one and the data points are much more scat-
tered.

The redshift of the SPR with increasingf can be ex-
plained by the interactions among the individual
particles.12,43–45It is conventionally modeled by the MG ef-
fective medium theory, which also qualitatively explained
the red “jump” in Fig. 4. The scatter of the experimental data
points may partially result from the different particle sizefas
explained by the intrinsic size effect, which has been dem-
onstrated in Fig. 5 in the form of the size dependent
«d8svs,Rdg.

We can now address the deviations of the experimental
data from the theoretical results in Fig. 6. Such deviations
suggest a discrepancy between the experimental results and
the conventional MG theory, which inspires us to look for
other possible models.

Another theory to describe the absorption properties of a
highly concentrated particle system is the dipole-dipole in-
teraction model. It is known that a single particle with a
dielectric constant«1 in a uniform field can be treated as a
dipole having a moment proportional tos«1+2«md−1. The
surface resonance absorption occurs when«1svsd /«m=−2,
which is the Mie condition and valid only in the case of very
dilute particle systems.9,10 The dipole-dipole interaction
model takes other nearby “dipoles” into consideration, which
contributes to the nonuniform field at the position of the
dipole of interest so that higher order multipoles are
excited.46 The effective field then results from all the nearby
multipoles. The total effect introduced by the dipole-dipole
interactionsmultipole excitationd is proportional tosR/dd2l+1,
where d is the distance between the neighboring particles,
and l is the multipole ordersl =1 for dipole,l =2 for quadru-
pole, etc.d.47,48

The MG effective medium theory using the mean field
approximation assumes that the field outside a particle is a
superposition of the external field and all the dipole fields of
the neighboring particles,10 which is comparable to the first-
order approximation of the dipole-dipole interaction model.11

When higher-order multipole terms are considered, the reso-
nance condition is expected to be different, as suggested by
Claro in Ref. 47. In his work, the resonance condition, i.e.,
the value of the −«1svsd /«m, is calculated as a function of the
interparticle separations ss=d/2Rd and the multiplicity of
their solutions results from the resonance excitation of mul-
tipoles of all orders.

Then the −«1svsd /«m value calculated from our experi-
mental results is plotted as a function of the particle separa-
tion s in Fig. 7, where the theoretical curve based on the MG
theorysdipole solutiond and higher-order multipole solutions
are also plotted as a reference.s is calculated from the Au
volume concentration assuming that the film is a uniform
composite with spherical particles of radiusR and interpar-

FIG. 5. Calculated«d8svsd values as a function of the Au particle size in the
sample series A1 and A2.

FIG. 6. Theoreticalsopen circlesd and experimentalssolid squaresd SPR
energy as a function of the Au volume concentration in the concentration
series. The experimental curve consists of data points from different particle
sizes.

FIG. 7. The plot of experimental −«1svsd /«m values as a function of the
particle separations sopen squaresd. The theoretical curve is plotted using
the MG theorysopen trianglesd and multipole treatment according to Ref. 47
sthin linesd.
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ticle distanced, i.e., f =VAu/Vtotal=
4
3pR3/d3, and −«1svsd /«m

from the equation «1svsd=«d8−svp
2/vs

2d, where vps`d
=9.1 eV/" and «d8svsd is estimated from the data in Fig. 5,
using the curve with lower Au concentrationsas it is close to
the low concentration limit and can be treated as the ideally
isolated particles system, where the Mie theory holdsd.

Fig. 7 shows that the value of −«1svsd /«m calculated
from the experimental result increases as the interparticle
separations decreases, which is consistent with the trend of
the MG curve. However, the experimental data sit below the
MG curvesdipole solutiond and the deviation in the region of
the smaller interparticle separation is generally larger than
that in the larger separation region, which indicates the inac-
curacy of the dipole solution and the necessity of higher-
order multipole solutions. Nevertheless, the experimental
data cannot be exactly fitted by any single solution with a
specific multipole order. This indicates that the excitations of
multipoles with different orders contribute together to the
experimental observations, and multipolessd with specific or-
der may be dominant in different interparticle separation re-
gions.

Our experimental results agree better with the multipolar
treatment of the dipole-dipole interaction model than the
conventional MG theory, especially when the Au volume
concentration gets larger. We therefore replot the curves in
Fig. 5 using the experimental −«1svsd /«m valuesfrom Fig. 7d
instead of thes2+ fd / s1− fd. This leads to the disappearance
of the original jump in-between the two series as shown in
Fig. 8, indicating the correction to the error induced by the
dipole assumption. In fact, the multipole treatment hardly
affects the result of series A1, but significantly modifies that
of A2. This is consistent with the experimental condition that
A1 is a very dilute system with very weak particle-particle
interactions, while the interaction effect can no longer be
ignored in a series of A2 with a much higher Au concentra-
tion. Finally the joined two series can be fitted by a single
curve, which reveals the corrected size dependence on«d8svsd
of Au particles.

V. CONCLUSIONS

Au-nanoparticles/Al2O3-matrix nanocomposite thin
films with various Au particle sizes and concentrations were

deposited by rf–magnetron sputtering. At controlled experi-
mental conditions, the sizes of the Au particles in the as-
prepared films are relatively smallsparticle radius from
1.1 to 3.1 nmd and have a narrow size distribution. A redshift
of the surface-plasmon resonance was observed when in-
creasing either the Au particle sizessize effectd or the Au
concentrationsconcentration effectd. The size effect mainly
originates from the size-dependent dielectric function of the
Au core electrons, while the size influences onvp can be
almost neglected. The dependence of the core electron di-
electric function on the Au particle size results from both the
ineffective screening at the surface region and the changing
of the electronic structures at the interband transitions. A
semiquantitative description of the size dependent«d8svsd
was given based on the experimental data. In the study of the
concentration effect, a discrepancy between the experimental
result and the conventional MG EM theory was identified,
and the dipole-dipole interaction model considering the mul-
tipole effect appears to be a better solution, especially in the
high Au concentration regime.
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