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Abstract: Gold nanoparticles deposited on self-organized nano-ripple
quartz substrates have been studied by spectroscopic Mueller matrix
ellipsometry. The surface was found to have biaxial anisotropic optical
properties. For electric field components normal to the ripples the periodic
and disconnected nature of the in plane nanowires gives rise to an optical
response dominated by the localized plasmon resonance. In the direction
parallel to the ripples the gold nanoparticles are aligned closely leading to
localized plasmon resonances in the infrared. As Au was deposited at an
angle oblique to the surface normal, the gold nanoparticles were formed
on the side of the ripples facing the incoming evaporation flux. This makes
the gold particles slightly inclined, correspondingly the principal coordi-
nate system of the biaxial dielectric tensor results tilted. The anisotropic
plasmonic optical response results in a strong polarizing effect, making it
suitable as a plasmonic nanowired grid polarizer.
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1. Introduction

The optical excitation of collective oscillations of free electrons from noble metal nanoparticles,
known as localized surface plasmon resonances, are known to have spectroscopic properties
resulting in e.g. various color effects. One example is the well known “Lycurgus cup” [1],
in which silver nanoparticles distributed in glass provides a different color to it depending if
illumination is performed in transmission or in reflection. It is known that nanoparticle size,
spacing and substrate, affects the plasmonic resonance frequency [2], and is an effective way
to design selective optical properties. A recent wave of interest in plasmonics is motivated by
the proven increase in photon absorption and thus in efficiency of photovoltaic devices [3]
caused by the strong localization of the electric field and by enhanced scattering from the metal
nanoparticles. On the fundamental level the strongly anisotropic plasmonic nanostructures are
used to form metamaterials [4] with possible applications to e.g. negative refractive materials
in the visible [4] or in non-linear applications [5–7].

The anisotropic optical response of plasmonic nanoparticles and metamaterials can
favourably be studied by spectroscopic generalized ellipsometry, as recently reviewed by Oates
et al. [8]. In particular, several studies of the optical properties of in plane silver nanowires on
various substrates have been reported [9–11], where in particular the effective dielectric tensor
of silver nanoparticle arrays on a silicon substrate was determined with spectroscopic Mueller
Matrix Ellipsometry [10]. Also ellipsometric studies of isotropic and anisotropic silver and gold
island films have been reported [12, 13].

In this work, we are exploring the enhanced sensitivity of Mueller matrix spectroscopic el-
lipsometry from the ultra violet to the near-infrared, combined with azimuthal rotation of the
sample around the sample normal, using multiple angles of incidence, in order to determine
the complex biaxial properties of a plasmonic layer of gold nanoparticles supported on a nano-
patterned quartz substrate. Such nano-patterned plasmonic wires have many similarities to the
standard infrared wire grid polarizer [14]. However, due to the localized plasmons, an inverse
polarizing effect can be observed in the visible spectral range using polarized transmission
spectroscopy at normal incidence [5, 15]. It has been observed that the anisotropic localized
surface plasmonic properties change the polarizing properties of the sample from transverse
electric (TE) to transverse magnetic (TM) [16], but the details of the dielectric tensor for such
a complex plasmonic system based on aligned and partially connected gold nanoparticles have
so far not been reported. The development of systematic optical methods to reveal the dielectric
function of such gold based nanoplasmonic samples is further of fundamental interest due to
the common use of gold nanoparticles in applications of plasmonics and metamaterials.

The samples studied in this paper were prepared by shadow deposition of gold at grazing in-
cidence onto a quartz self-organized nano-ripple surface produced by ion beam sputtering [15],
similar to samples in [17, 18].

2. Experimental

The anisotropic gold nanopatterned surfaces were prepared in a two stage process combining
self-organized ion beam sputtering (IBS) to produce ripples on the surface of the quartz sub-
strate, and gold deposition by thermal evaporation. IBS is a low cost nano-fabrication process
used to pattern a range of materials from metallic to dielectric [19, 20]. A spatial modulation
of the surface profile is induced by a combination of an erosive instability induced by the ion
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beam and energy relaxation dominated by the thermally activated diffusion and hyperthermal
mobility induced by the ion beam [21,22]. Variations of the surface morphology is made possi-
ble by changing the irradiation parameters such as ion energy, incidence angle, gas species, and
sample temperature [23]. A clean quartz substrate was irradiated by Ar+ ions in an ultra high
vacuum (UHV) system at an incidence angle of 45◦. The ions are ejected from a gridded multi
aperture source having an energy of 800 eV at a constant flux of 4.0×1015 ions/cm2s. The IBS
process results in a surface having a well defined ripple pattern, facing the ion beam. An atomic
force microscope (AFM) micrograph of such a surface is shown in Fig. 1(a). The ripples have
a period of approximately Λ = 70±5 nm and an amplitude around 6 nm.

(a) (b)

Fig. 1. (a) shows the AFM image of the glass substrate after patterning but prior to deposi-
tion of Au. (b) shows the AFM image of the surface after deposition of Au.

Gold was evaporated in the same UHV system onto the surface at a grazing incidence angle
(80◦), forming nanoparticles on the surface. The spatial distribution of the nanoparticles is lo-
cally modulated by the shadowing of the nanoripple ridges, such that more material is deposited
onto the facing ridges. The shadowed ridge is then mainly uncovered by Au. During the deposi-
tion the distribution of particles are limited in the direction normal to the ripples. In the direction
along the ripples, the particles are partially connected, forming in some cases elongated planar
nanowires. Figure 1(b) shows an AFM micrograph of the nanopatterned surface.

A schematic of the cross-section of the sample system is shown in Fig. 2, where the coor-
dinate system is aligned with the x−axis in the long direction of the nanowires, and the y− z
plane rotated by an angle θ so that the y−axis is in the plane of the gold nanoparticle-substrate
interface. θ is in the following regarded as the tilt angle of the biaxial system. Cross-section
electron microscope micrographs were not easily obtained due to the charging of the dielectric
substrate. A geometrical model of the nanowires based on the AFM topographies and on the
deposited amount of gold, allows to estimate the local height of the Au nanowires (h = 29.5
nm) measured along the z-axis and their width (w = 72 nm), measured along the y-axis.

For the optical characterization a variable angle multichannel dual rotating compensator
Mueller matrix ellipsometer (RC2) from JA Woollam Company was used. The instrument has
a collimated 150 W Xe source and operates in the spectral range from 210 nm (5.9 eV) to
1700 nm (0.73 eV), using a combination of silicon and indium gallium arsenide spectrographs
having a resolution of 1 nm below 1000 nm and 2.5 nm above. The initial collimated beam has
a waist of approximately 3 mm, but in the present work focusing and collection lenses with a
focal length of 80 mm were applied, allowing a normal incidence spot size of 150 µm. This
spot size allowed us to study a reasonably spatially homogeneous region of the sample [18].

The spectroscopic Mueller matrix was measured for the incidence angles 50◦ to 75◦ in steps
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Au deposition

Fig. 2. The gold nanoparticles are preferentially deposited along the ridges of the quartz
nanoripples, where nucleation and agglomeration take place. An optical model was based
on a biaxial cartesian coordinate system, where the optical axes are indicated to be aligned
along the nanowires (x−axis), along the slope of the ripples, and normal to the ripple edge.
The tilt angle θ is indicated as the local slope. The thickness of the effective layer is h.

of 5◦. Full azimuthal rotation of the sample (360◦) in steps of 5◦ was performed for each angle
of incidence in order to fully map the anisotropy of the sample. When using focusing optics
the sample alignment upon rotation is very sensitive, and was therefore adjusted prior to the
measurement of each incidence angle. The same instrument was also used to measure the spec-
troscopic transmission Mueller matrix of the sample.

3. Theory

With ellipsometry, the polarization nature of light is used to indirectly measure extrinsic and
intrinsic properties of e.g. thin films, nanostructures or bulk materials [24–26]. In specific, the
change of polarization state of monochromatic light upon reflection from a smooth surface can
be formulated by the 2×2 complex Jones matrix transforming the incoming polarization state
to the reflected by the Fresnel coefficients (rpp,rps, etc.) by [27][

Ep
Es

]refl

=

[
rpp rps
rsp rss

][
Ep
Es

]inc

(1)

Ep and Es are orthogonal plane wave electric field components, where Ep is parallel and Es per-
pendicular to the incidence plane. In practical applications, in Mueller matrix polarimetry and
ellipsometry in particular, the polarization state is commonly described using the four element
Stokes vector

S =


s0
s1
s2
s3

=


Ip + Is
Ip− Is

I+45◦ − I−45◦

IR− IL

=


〈
Ep0(t)2

〉
+
〈
Es0(t)2

〉〈
Ep0(t)2

〉
−
〈
Es0(t)2

〉
2
〈
Ep0(t)Es0(t)cosδ (t)

〉
2
〈
Ep0(t)Es0(t)sinδ (t)

〉
 . (2)

Where the elements s0, s1, s2 and s3 are time averages over electric field components resulting
in the total intensity (s0), the intensity difference between p and s polarized light (s1), +45◦ and
−45◦ linearly polarized light (s2), and the right and left polarized part of the light (s3).
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The change of polarization upon interaction with a sample using the Stokes vector is de-
scribed using the 4× 4 element Mueller matrix. For reflection measurements of an isotropic
surface the Mueller matrix is

Miso =


1 −cos2Ψ 0 0

cos2Ψ 1 0 0
0 0 sin2Ψcos∆ sin2Ψsin∆
0 0 −sin2Ψsin∆ sin2Ψcos∆

 , (3)

where Ψ and ∆ are the two classical ellipsometric angles found taking the ratio of the Fresnel
coefficients rpp/rss = tanΨexp(i∆), see e.g. Azzam and Bashara [27]. In Mueller matrix el-
lipsometry the Mueller matrix is measured directly, and may, for anisotropic samples, have no
elements that are zero. Then the coupling between the s and p polarized light becomes impor-
tant, and the corresponding Mueller matrix expressed using the Fresnel reflection coefficients
from the Jones matrix (Eq. (1)) becomes [28]

Maniso =



1
2 (|rpp|2 + |rsp|2 + |rps|2 + |rss|2) 1

2 (|rpp|2 + |rsp|2−|rps|2−|rss|2) . . .
1
2 (|rpp|2−|rsp|2 + |rps|2−|rss|2) 1

2 (|rpp|2−|rsp|2−|rps|2 + |rss|2) . . .
Re(rppr∗sp + rpsr∗ss) Re(rppr∗sp− rspr∗ss) . . .
−Im(rppr∗sp + rpsr∗ss) −Im(rppr∗sp− rpsr∗ss) . . .

Re(rppr∗ps + rspr∗ss) Im(rppr∗ps + rspr∗ss)
Re(rppr∗ps− rspr∗ss) Im(rppr∗ps− rspr∗ss)
Re(rppr∗ss + rpsr∗sp) Im(rppr∗ss− rpsr∗sp)
−Im(rppr∗ss + rpsr∗sp) Re(rppr∗ss− rpsr∗sp)


. (4)

When reporting Stokes vectors and Mueller matrices, they are normalized to the first (s0 and
M11) element.

The spectroscopic Mueller matrix can through the appropriate modelling be used to invert for
the dispersive optical properties of thin plasmonic layers/plasmonic surfaces. Commonly avail-
able effective medium theories, such as Yamaguchi [29, 30], anisotropic Bruggeman [31] and
anisotropic Maxwell-Garnett [32], do not well capture the plasmonic response of nanoparticles
on a substrate. Furthermore, tabulated reference optical properties of metallic nanoparticles are
uncertain. On the other hand, recent rigorous numerical approaches [2, 33, 34] require the par-
ticles to be of regular shape and regularly distributed, and in [2] not in direct contact with the
substrate. However, the latter approach supplies useful physical insight into the line shape of
the dielectric function. An appropriate and practical approach to extract the intrinsic optical
response of the nano-plasmonic layer, is to make an anisotropic parametric dispersion model
based on oscillators in order to capture the plasmonic, interband and free electron response,
in addition to appropriate Euler angles to capture the possibility of a biaxial dielectric tensor
with principal axes tilted away from the substrate normal. This model allows to simulate and
compare to the large Mueller matrix data set. By trial an error, a reasonable set of starting pa-
rameters can be found, and finally fitted to the full data-set. As the nanowires are anisotropic,
the dielectric function is a tensor with at most three orthogonal axes with different properties
when assuming an orthogonal coordinate system. The inherent tilt and the truncation of the
gold nanoparticles on the ripple surface, suggested a biaxial tensor with appropriate Euler an-
gles. The anisotropic dispersion model approach is here used to determine the biaxial dielectric
tensor and the Euler angles for the gold nanowires deposited on the quartz ripple substrate.
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1700nm

210nm

650nm

Fig. 3. A polar color map of the experimental spectroscopic Mueller matrix measured at
50◦ incidence. The radius correspond to the wavelength from 210 nm (5.9 eV) at the inner
radius circle to 1700 nm (0.73 eV) at the outer edge. The Mueller matrix is normalized to
the m11 element. The color bar shows the scale at each element.

4. Results and discussions

Figure 3 shows the fascinating information captured by the full spectroscopic Mueller matrix
recorded at 50◦ incidence for a complete azimuthal rotation of the sample. The Mueller matrix
is here presented as a polar color map, where the wavelength is mapped linearly to the radial di-
rection, and the incidence plane orientation is mapped to the polar angle. The color map shows
the numerical value of the Mueller matrix element at a particular incidence plane and wave-
length, at the given incidence angle. The incidence plane has initially been rotated so that 0◦

and 90◦ correspond to the directions where the block off-diagonal elements are at a minimum,
a close to pseudo isotropic orientation where the Mueller matrix may be approximated using
Eq. (3), i.e. the incidence plane is coinciding with the long and short axis of the nanowires.

In Fig. 4 the Mueller elements m12, m33 and m34, i.e. the standard ellipsometric parameters
N, C and S, respectively, are plotted for these two incidence planes (φ = 0◦ and 90◦) for the
incidence angles θ = 50◦, 60◦ and 70◦, as a function of photon energy. All three elements shows
large differences between the two incidence planes. In particular, below 3 eV the difference is
largest, while for higher energies the data is similar.

The fabrication method employed leads to the formation of gold nanowires which are pref-
erentially aligned along the side of the quartz nano ripples illuminated by the gold atom flux
during evaporation, as illustrated in Fig. 2. For the optical model, localized surface plasmon res-
onances from strictly monodisperse noble metal nanoparticles in a well defined infinite regular

#197203 - $15.00 USD Received 13 Sep 2013; revised 18 Nov 2013; accepted 18 Nov 2013; published 9 Dec 2013
(C) 2013 OSA 16 December 2013 | Vol. 21,  No. 25 | DOI:10.1364/OE.21.030918 | OPTICS EXPRESS  30924



1 2 3 4 5
Photon Energy (eV)

−1.0

−0.5

0.0

0.5

N,m12

θ = 50◦
φ = 0◦

θ = 50◦
φ = 90◦

θ = 60◦
φ = 0◦

θ = 60◦
φ = 90◦

Model
θ = 70◦
φ = 0◦

θ = 70◦
φ = 90◦ C,m

1 2 3 4 5
Photon Energy (eV)

33

1 2 3 4 5
Photon Energy (eV)

S,m34

Fig. 4. The spectroscopic Mueller matrix elements m12, m33 and m34 for the incidence
angles 50◦ and 70◦ and incidence planes 0◦ and 90◦. The solid colored lines show the
experimental data, while the dashed black lines show the simulated data.

array can be modelled by a Lorentzian line shape given by [35]

ε̃Lorentz(E) =
Ak

E2
k −E2− iγkE

, (5)

where Ak is the amplitude, Ek energy location, γk a broadening parameter and E the photon
energy. Such a Lorenzian model may be readily understood also in terms of Maxwell-Garnett
theory for particles within a host matrix. Normal to the local plane surface which is supporting
the gold particles (z-direction), the model also includes a standard Drude dispersion term [35]

ε̃D(E) =−
E2

p

E2 + iγkE
, (6)

where Ep is the plasma energy and γk is the broadening parameter.
The self-organized formation of the nano ripples recurring to a stochastic process of sputter-

ing may result in small variations of the plasmon resonance energy. This can be represented by
a sum of Lorentzians distributed around a center energy Ek. The resulting line shape may for
the imaginary part of the dielectric function then more simply be expressed by a Gaussian line
shape

ε2Gauss = Ak

[
exp

{
−
(

E−Ek

γk

)2
}
+ exp

{
−
(

E +Ek

γk

)2
}]

, (7)

where the parameters γk is the broadening, Ak the amplitude and Ek the center energy position.
Equation (7) is a sum of two Gaussians with positive and negative center energy making it
an odd function which is needed for Kramers-Kronig consistency [36]. The real part of the
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dielectric function is calculated using Kramers-Kronig relations, and results [36]

ε1Gauss = Ak

[
Γ
(

E−Ek

γk

)
+Γ

(
E +Ek

γk

)]
. (8)

Here Γ is a convergence series that produces the Kramers-Kronig consistent line shape.
We let the localized plasmons be described by one or several Gaussians, where each localized

plasmon is denoted εLoc. Several localized plasmons was found necessary to account for a
distribution of nano particle sizes, and a distribution of connectivity between the particles. The
Drude contribution εD is the special case of near bulk gold behaviour such as expected for
completely connected nanowires. For simplicity of the model, the interband contribution are
accounted for by a single Gaussian (Eq. (7)), denoted εIB. The dielectric function for the three
tensor components q = x,y,z is then proposed described by:

ε̃
q
Total(E) = ε

q
∞ +∑ε

q
Loc + ε

q
IB + ε

q
D (9)

A total of 9 oscillators were needed in order to have an acceptable mean square error between
the simulated and measured data. Three oscillators for each direction. The complex inverse
problem was found to be most easily solved using an iterative process. First, the common
ellipsometric parameters (N, C and S) were used to determine an approximate solution to the
biaxial effective dielectric tensor by assuming that the principal axes of the tensor were in the
sample plane. All incidence planes and the different incidence angles were used in order to
increase the sensitivity to the effective properties normal to the surface (z-direction). The (N,
C and S) parameters were also found to be most sensitive to the effective layer thickness, such
that the first analysis supplied an estimate of the effective film thickness in addition to a first
estimate to the dielectric tensor.

Upon rotation of the incidence plane, it is observed from the polar plots in Fig. 3 that the
block-diagonal Mueller elements have a 180◦ symmetry. The off block-diagonal elements,
which are probing the cross polarization i.e. the anisotropy (cf. Eq. (4)) show a more com-
plex behaviour. It is particularly observed that they are oscillating with a different amplitude
for the maxima and mimima. Further, for φ = 0◦ (incidence plane normal to the nanowires) the
Mueller matrix is pseudo-isotropic (i.e. a diagonal Jones matrix).

The metallic nano particles on a substrate indicate that the dielectric tensor has principal
axes aligned with, and perpendicular to the local surface normal. The local slope (θ in Fig. 2)
is approximated to be the Euler rotation angle for the dielectric tensor. The z−axis of the tensor
is then no longer orthogonal to the global sample plane and does also have a component in the
y−direction, in principle one could expect that the plasmonic resonance may also be weakly
observed in this part of the dielectric tensor. The off-diagonal elements were therefore used
to fit the tilt angle θ by applying an Euler rotation of the dielectric tensor. This process was
repeated until convergence.

The tilt angle converged to 12.8◦ and the effective thickness of the nanoparticle film amounts
to 28 nm. The parameters were found to have an accuracy within ±4 nm and ±2◦. The pa-
rameters of the dielectric tensor is summarized in Table 1, while Figure 5 shows the real and
imaginary part of the dielectric functions for the three principal axes, where we have used the
fitted dispersion model parameters in Table 1.

The mean square error for the final model was MSE = 9.7 [38] when evaluating 32 free
parameters, using 50 incidence planes, 6 incidence angles and 1067 wavelengths. In the cal-
culation of the MSE the uncertainty in each data point in the Mueller matrix was estimated to
0.001.

The most striking feature in Fig. 5 is the localized plasmonic resonance peak at 1.58 eV for
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Fig. 5. The complex dielectric tensor parametrized using Eq. (9) and Table 1. The dielectric
function of Au [37] is shown for comparison.

Table 1. The parametrization of the dielectric tensor of the film. The amplitudes, broadening
and energy corresponds to the parameters of a Lorentzian, Drude and Gaussian line shapes
in Eq. (5), Eq. (6) and Eq. (7). The blank fields indicate that the oscillator was not included
for the corresponding axis.

x y z
Ak γk Ek Ak γk Ek Ak Ep γk Ek

εLoc1Gauss 53.43 0.92 0.13 8.67 0.43 1.58 0.48 – 0.20 2.33
εLoc2Gauss – – – 4.30 0.68 0.87 – – – –
εLoc2Lorentz 22.69 0.47 0.60 – – – – – – –
εIBGauss 1.39 2.22 3.75 1.66 2.31 3.57 0.42 – 1.69 4.83
εD – – – – – – – 2.47 6.58 –
ε∞ 1.41 1.41 1.43

the εy component (normal to the wires, but in the sample plane), although it also appears to
contain an additional localized plasmonic feature around 0.9 eV. The εx component appears
to contain strong contributions from two localized plasmons located in the IR region of the
spectrum. The exact locations of these plasmons are uncertain, and may be further revealed in
upcoming work using IR Mueller matrix ellipsometry. As previously mentioned, it is speculated
that several such localized plasmons may be the result of incomplete connectivity within the
chains of particles making up the ”nanowires” along the x-axis. A completely connected chain
should thus be represented by the Drude model, while the reduced chain lengths may result in
the IR localized plasmons. For comparison a typical dielectric function for Au is included in
Fig. 5. The interband transitions in the plasmonic film are strongly attenuated compared to Au,
and the plasmon resonances in εx, εy and εz makes ε1 increasing in the infrared.

An interband contribution with center energy 3.75 eV and 3.57 eV was found for both the
εx and εy components. The εz component was found to be dominated by a weak Drude com-
ponent in the near infrared and some weak interband contribution with center energy 4.83 eV.
Another weak localized plasmon contribution at 2.33 eV appeared in εz. The blue shift for the
out of plane resonance follows the results of polarizability calculations for silver hemispherical
islands on MgO substrate by Lazzari and Simonsen [33]. The εz component also has a Drude
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component, which was also found for silver hemispherical nanowires supported on silicon sub-
strate in [10], while the effective film appears much less dense compared to bulk Au properties.
The blue shifted out of plane resonance predicted by Lazzari and Simonsen was, however, not
reported by Oates et al. [10]. The effective thickness of the layer is probably much larger than
the truncated particle thickness on the ”hills” of the ripple along the z-axis, i.e. the local surface
normal.

In Fig. 6 the measured spectroscopic Mueller matrix at 50◦ incidence for the incidence planes
0◦, 45◦, 135◦, 180◦, 225◦ and 270◦ is plotted together with the simulated data using the fitted
parametric model. The simulated data is also plotted as dashed lines for different incidence
angles in Fig. 4. The figure of merit was calculated using the root mean square error of the
entire data set, where the weighting on all Mueller matrix elements and measured wavelengths
in nm are the same.

In order to verify the optical model, a direct analysis of the slope distribution of the AFM
image in Fig. 1(a) was performed. Fig. 7 shows a histogram of the slope in the image. It is
found that the most dominant inclination is 12◦-13◦, which much verify the tilt angle found by
Mueller matrix ellipsometry.

The polarizing properties of the sample was investigated by spectroscopic transmission
Mueller matrix measurements. Figure 8 shows the measured data at normal incidence as a
solid curve and the simulated data using the model from above, where only the relative orien-
tation of the sample was refitted. The simulations reproduce all features of the measurement,
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Fig. 6. The spectroscopic Mueller matrix at 50◦ incidence for six incidence planes (0◦, 45◦,
135◦, 180◦, 225◦ and 270◦). The solid colored curves show experimental data, while the
dashed black curves show the simulated data.
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Fig. 8. Spectroscopic Mueller matrix measurement in transmission. The solid line indicates
the measurement, while the dashed line is the simulated data using the model in Table 1

#197203 - $15.00 USD Received 13 Sep 2013; revised 18 Nov 2013; accepted 18 Nov 2013; published 9 Dec 2013
(C) 2013 OSA 16 December 2013 | Vol. 21,  No. 25 | DOI:10.1364/OE.21.030918 | OPTICS EXPRESS  30929



except a very small Gaussian like “bump” (amplitude 0.002) in the m14/41 elements indicating
an induced circular dichroism. The Mueller matrix is largely block-diagonal, meaning that the
optical axis of the sample coincide with the axes of the instrument, only small deviations of a
few per cent origin from sample orientation misalignment of approximately 3◦.

The linearly polarizing properties are directly observed in the m12/21 elements, and through
the model, we can now observe that the main features are related to the plasmon resonances in
εy and εx.

For the y direction the transmission measurements show a peak at 1.84 eV that is the max-
imum in the extinction coefficient κ = ε2/2n, where n is the real part of the refractive index

n2 = 1
2 ε1+

1
2

√
ε2

1 + ε2
2 . In the infrared, the m12/21 elements are negative due to the resonance in

the εx. This anisotropy is of inverse polarizing character [39, 40], where the polarization shifts
spectrally.

The features in the lower right 2× 2 matrix comes from the spectral birefringence (∆n =
nx−ny). A polar decomposition [41] of the Mueller matrix supplies the magnitude and orien-
tation of the retarding and diattenuating (polarizing) properties. Figure 9(a) shows the linear
retardance (δ ) and the linear diattenuation, the corresponding orientation of the slow axis (θδ )
and the orientation of the transmission axis (θD) are plotted in Fig. 9(b). By analysing Fig. 9
in detail, it is observed that the sample works as a polarizer with transmission axis along the
y-axis in the infrared range. At approximately 1.4 eV the sample is a pure retarder (minimum
diattenuation and maximum retardance), while at approximately 2 eV the sample is a polarizer
with transmission axis along the x-direction. These properties can in principle be shifted spec-
trally by varying the period of the ripple structure and consequently the distance between the
nanowires [2]. It is also expected that the density of the particles forming the nanowires would
change the resonance frequency, from a pure Au response for perfect wires, to a response dom-
inated by localized surface plasmon resonances for separated particles.
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Fig. 9. Figure (a) shows the retardance (δ ) and the diattenuation of the transmission Mueller
matrix, while Fig. (b) shows the orientation of the corresponding slow axis and transmission
axis.

5. Conclusion

The localized plasmonic optical properties of in plane gold nanowire array deposited at grazing
incidence on a nano-ripple quartz substrate has been determined by variable angle spectroscopic
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Mueller matrix ellipsometry (MME) with complete azimuthal rotation of the sample. The sen-
sitivity to the anisotropy is strong in all Mueller elements, including the elements measured in
standard ellipsometry. The off block-diagonal elements show a lower symmetry, suggesting that
the shadowing effects during deposition leaves the nano-wires tilted with respect to the surface
normal. The dielectric tensor axes are proposed tilted by the same angle, as was found non-
destructively by MME. The three components of the dielectric tensor were determined through
parametric dispersion models for each component. The extracted dielectric functions complete
the understanding of the observed wire-grid and inverse polarizing properties. The paramet-
ric dispersion models extracted from the effective thin surface layer composed of aligned gold
nanoparticles on the nano-ripple glass surface, is expected to be a useful model starting point for
many similar nano-plasmonic systems. Finally, a systematic approach was proposed to attack
the complex modelling issue with such a large MME data-set.
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