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ABSTRACT

Alkanethiol-capped gold nanoparticles dispersed in n-dodecane were studied by spectroscopic ellipsometry and were modeled using Mie
scattering theory. The refractive index in the visible and near-infrared depended on the volume fraction of gold nanoparticles, in good agreement
with the theoretical expectation that such dispersed plasmonic nanoparticles can act as low or tunable refractive index materials at specific
optical wavelengths.

Metamaterials with unusual optical properties such as nega-
tive or low refractive indices have attracted much attention
because of their potential applications in optics and com-
munication devices.1-16 In the past few years, a number of
such structures have been proposed and investigated both
theoretically and experimentally.2,3,8,9However, owing to the
difficulty of patterning subwavelength metallodielectric
structures, there are few reports of optical metamaterials that
function in visible regime.2 An alternative approach is to
employ well-established bottom-up methods for synthesizing
monodisperse spheres, core-shell nanostructures, and na-
norods that contain plasmonic metals as well as appropriate
dielectric components and disperse them in appropriate host
media.11,12,15,16In this case, it is possible to realize low or
even negative refractive indices, albeit over narrow wave-
length ranges as demonstrated in a recent study of an optical
metamaterial that consists of core-shell spheres dispersed
in nematic liquid crystals.16 By exploiting the birefringence
of the liquid crystal host, the resulting effective refractive
index could be tuned from negative through zero to positive
values.

In this letter, we explore the possibility of realizing
refractive index tunability in the visible using dispersed metal
nanoparticles. As a first step toward studying these systems
experimentally, we estimated the effective complex refractive
index of simple plasmonic metal spheres and metal shell-

dielectric core nanoparticles dispersed in hydrocarbons.
Despite their structural simplicity, these materials can still
exhibit refractive index tunability based on their plasmon
resonance. For example, Figure 1a shows the calculated
refractive indices of a core/shell structure with a 40 nm
diameter silica core and a gold shell with a thickness of 5
nm, dispersed at a volume fraction of 20% in a host medium
in which the dielectric constant (εhost) varies between 1.0 and
4.0. Figure 1b,c shows the calculated refractive indices of
2 nm diameter gold nanoparticles dispersed in a similar fluid
medium. In these simulated spectra, the volume fraction of
gold was allowed to vary between 5 and 30%, and the
dielectric constant of the host medium was varied between
1.0 and 4.0. The real part of refractive index shows
resonances at visible wavelengths, and the resonances
become stronger asεhost increases. It is interesting to note
that even in this simple system, the real part of the refractive
index can be less than 1.0 over a narrow wavelength range,
and at that wavelength the index can be changed substantially
by varyingεhost.

The calculations of the complex refractive index of gold
nanoparticles in a medium of tunable permittivity were
performed using Mie theory.17 In this method, the 2m-pole
coefficients of the electric and magnetic fields are obtained
by decomposing the scattered magnetic field into multipole
terms. These scattering coefficients are related to the effective
polarizability of the material,18 which is in turn related to
the effective permeability (or permittivity) by the Clausius-
Mosotti equation.19 The gold nanoparticles are considered
to be homogeneous, spherical particles, with a complex
permittivity that follows a Lorentz-Drude model to account

* To whom correspondence should be addressed. E-mail: (I.C.K.)
ick1@psu.edu; (T.E.M.) tom@chem.psu.edu.

† Department of Chemistry, The Pennsylvania State University.
‡ Department of Electrical Engineering, The Pennsylvania State Univer-

sity.
§ Tokyo Institute of Technology.

NANO
LETTERS

2007
Vol. 7, No. 11
3418-3423

10.1021/nl071893x CCC: $37.00 © 2007 American Chemical Society
Published on Web 10/18/2007



for the free-electron and interband parts of the dielectric
function.20 Additionally, the small size of the Au nanopar-
ticles limits the mean free path of the free electrons, resulting
in a drastic increase of the rate of scattering from the surface
of the particle relative to bulk scattering. This effect is taken
into account by adding to the damping constantγ0 in the

free-electron Drude model a surface scattering rateωS )
AVf/r, whereVf is the Fermi velocity (Vf ) 1.4 × 108 cm/s
for Au), r is the radius of the nanoparticle, andA is a
proportionality factor of the order of unity.21-23 In the present
case, we have taken this factor to be 1.423,24 to account for
the chemical composition of the Au-thiol interface. There-

Figure 1. (a) Calculated real and imaginary refractive indices of a 40 nm diameter silica core/ 5 nm thick gold shell structure, dispersed
at a volume fraction of 20% in host media of varying dielectric constant; (b) calculated refractive indices of 2 nm diameter gold spheres
dispersed at a volume fraction of 20% in host media of varying dielectric constant; (c) calculated refractive indices with the dielectric
constant of the host medium fixed at 2.25 and different volume fractions of 2 nm diameter gold spheres.
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fore, the size-dependent relative permittivity is obtained from
literature values20 of the bulk relative permittivity (εbulk) by23

whereωp is the plasma frequency for gold (9.03 eV).
In a similar way, the effective complex permittivity and

permeability for gold-coated dielectric spheres were calcu-
lated by using the corresponding Mie scattering coef-
ficients.12,17 The results are shown in Figure 1a, where the
real part of the refractive index exhibits resonances at visible
wavelengths, and the resonances become stronger asεhost

increases. It is interesting to note that even in this simple
system, the real part of the refractive index can be less than
1.0 over a narrow wavelength range even if no polaritonic
material is used in the core, and the index can be changed
substantially by varyingεhost. A minimum real refractive
index of 0.685 is obtained at a wavelength of 786 nm for a
host medium with relative permittivityεhost ) 3.0. Varying
the permittivity of the host medium allows us to tune this
minimum in the range 650-850 nm.

In a birefringent liquid crystal medium, one might easily
effect such changes by using electric, magnetic or optical
field to realign the host.25 While the wavelength at which
the real part (n) of the refractive index is below 1.0
corresponds with high absorption at the plasmon peak, there
is a region of high tunability in the near-infrared where
imaginary part (k) is near zero. This region would be useful
for optical switching applications. We report here a prelimi-
nary experimental investigation of these effects using gold
nanoparticles dispersed at low volume fractions in a hydro-
carbon medium.

Gold nanoparticles were synthesized by using a literature
two-phase method.26,27 An aqueous solution of hydrogen
tetrachloroaurate (30 mL, 25.4 mM) was vigorously stirred,
and a solution of tetra(n-octyl)ammonium bromide in toluene
(80 mL, 42.3 mM) was added. The tetrachloroaurate was
rapidly transferred into the organic phase. After the mixture

was stirred for 30 min, dodecanethiol (182µL, 0.76 mmol)
was added. After further stirring for 30 min, a freshly
prepared aqueous solution of sodium borohydride (25 mL,
0.34 M) was slowly added while the reaction mixture was
vigorously stirred. The mixture was allowed to react over-
night. The organic phase was then separated, evaporated to
about 5 mL, and mixed with 400 mL of ethanol to effect
precipitation and remove excess thiol. The precipitate was
centrifuged, washed with ethanol, and dried on a vacuum
line. The nanoparticles so obtained were dissolved in toluene
to obtain a solution with a concentration of 0.25 vol %. The
formation of nanoparticles was confirmed by using transmis-
sion electron microscopy (TEM) (Figure 2). It is worthwhile
to note that the nanoparticles obtained in this way can be
redispersed in organic solvents very well even after they are
completely dried. Self-assembled monolayers of dode-
canethiol on the surface of the particles stabilize them and
prevent aggregation by inhibiting contact of the gold surfaces.

The nanoparticles were dispersed in a solvent to examine
their optical properties.n-Dodecane was chosen because it
was expected to have good miscibility with gold nanopar-
ticles capped withn-dodecanethiol, and also because its low
vapor pressure made it suitable for measurements in air using
spectroscopic ellipsometry. To replace the original solvent,
the solution of nanoparticles in toluene was mixed with a
four times smaller volume of dodecane, and the toluene was
evaporated under vacuum. Under these conditions, the
maximum volume fraction we could obtain without particle
precipitation was about 1%. This solution was diluted with
dodecane to obtain solutions with volume fractions of 0.75,
0.5, and 0.25%. Figure 3 shows the absorption spectrum of
the nanoparticles dispersed in dodecane at a volume fraction
of 0.25%. The spectrum shows a plasmon resonance peak
at 510 nm, which is characteristic of well-dispersed gold
nanoparticles in this size range.

Real and imaginary refractive indices of these solutions
were measured by using spectroscopic ellipsometry (M-
2000V, J.A. Woollam, Inc.). To measure the fluid disper-
sions, frosted glass slides were used as substrates. The
solution of gold nanoparticles was poured onto the frosted

Figure 2. Left: TEM image of gold nanoparticles. Right: histogram of particle diameters.
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side of the glass slide. Probe light was incident at the surface
of solution at an angle of 75°, and the reflected light was
collected. Glass slides frosted on the top surface fix the
solution more rigidly than flat glass substrates. They also
have negligible reflection from the film/glass interface, which
simplifies analysis of the light reflected from the film of
dispersed gold nanoparticles.28

Spectroscopic ellipsometry measures the values ofψ and
∆, which contain information about the change in polariza-
tion of light reflected from the sample. If the sample is
isotropic, these values are related by the equation

where rp and rs are reflection coefficients for p- and
s-polarized light, respectively. If a simple air/material model
is assumed, the dielectric function can be calculated directly
as follows:29

Hereφ is the incident angle of the probe light. Because
our samples are fluid, there is no surface layer on the sample.
The reflection from the substrate is negligible because frosted
glass slides were used as noted above. Therefore, it is
reasonable to treat our sample with a simple air/material

Figure 3. Absorption spectrum of gold nanoparticles dispersed in
dodecane at a volume fraction of approximately 0.25%.

Figure 4. Real part (n) and imaginary part (k) of refractive indices of gold nanoparticles dispersed at various volume fractions inn-dodecane.
(a) Experimental results. (b) Calculated results.
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model. The real and imaginary parts of refractive index are
then given by the equations

Figure 4 shows the dependence of the refractive indicesn
andk on the concentration of gold nanoparticles in dodecane.
The solution with highest concentration (volume fraction)
1.0%) showed an obvious dispersion inn with a dip near
500 nm and a peak near 600 nm. As the concentration of
nanoparticles was reduced, this dispersion became weaker.
However,n had a markedly different dependence from that
of the solvent, even at concentrations as low as 0.25%. The
imaginary part of the refractive index (k) was also dependent
on the nanoparticle concentration. As the concentration
increased,k also increased and a shoulder appeared near
500 nm, consistent with the absorption spectrum shown in
Figure 3. This behavior is quite different from that of bulk
gold; the dispersion observed in the traces ofn and the
shoulder peaks ink is derived from the plasmon resonance
of the gold nanoparticles, which is usually observed as a
specific absorption peak. The variation inn and k with
wavelength follows the same trend as the theoretical results
shown in Figure 1, although the amplitude of the resonance
is much smaller because of much lower volume fraction used
in the experiment. When the volume fraction of gold is
1-0.25 vol %, the average distance between particles is 15-
30 nm, that is, much shorter than the wavelength of visible
light. It is therefore reasonable to use an effective medium
approximation, in which refractive indices can be considered
effective refractive indices. When the interparticle distance
is closer than about 10 nm, strong optical coupling effects
are expected, which may cause a red shift and broadening
of the plasmon resonance frequency.30 The particles used in
this work can be redispersed in organic solvents even after
they are completely dried, so they do not aggregate irrevers-
ibly in solution. Therefore, in the system we are considering
relatively few particles will have neighbors closer than
10 nm, and it is reasonable to model the optical properties
on the basis of simple Mie scattering theory.

To connect the experimental trends inn and k with the
modeling results of Figure 1,n and k were estimated for
dilute nanoparticle solutions by using Mie scattering theory.
The diameter of the nanoparticles was taken to be 2.5 nm,
based on the histogram shown in Figure 2. Data from the
spectroscopic ellipsometry of puren-dodecane were used to
calculate the wavelength dispersion of the optical constants
of the host medium instead of assuming constant values. The
complex refractive index of the solution was then calculated
using the effective medium approach and Mie theory. As
shown in Figure 4, the calculated results agreed well with
experimental data. Then andk values varied with the volume
fraction of gold in the same manner as the experimental

results. This suggests that the Mie scattering model can
provide accurate results in this system.

In conclusion, the optical properties of gold nanoparticle-
dopedn-dodecane were modeled theoretically and studied
experimentally. The refractive indices that were measured
by spectroscopic ellipsometry exhibited resonances at visible
wavelengths, which became more pronounced as the volume
fraction of nanoparticles was increased. The measured spectra
agreed well with the calculations based on simple Mie
scattering theory. This preliminary study shows that gold
nanoparticles dispersed in fluid media are interesting materi-
als for certain metamaterial properties, including tunability
of the refractive index when they are dispersed in appropriate
birefringent media. Although a limited range of nanoparticle
concentrations was available in the dodecane/dodecanethiol-
Au dispersions, higher concentrations should be accessible
in other solvent/SAM systems. Calculations ofn and k of
these dispersions match the experimental results quite well
when the electron mean free path is constrained to the
nanoparticle diameter. Nanoscale core-shell particles, even
with ordinary silica dielectric cores, appear from these
calculations to be quite interesting not only as tunable index
materials but as very low refractive index materials at specific
wavelengths near the plasmon resonance maximum.
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