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Abstract: We studied the far-field optical response of supported gold-
silica-gold nanosandwiches using spectroscopic ellipsometry, reflectance 
and transmittance measurements. Although transmittance data clearly 
shows that the gold nanodisks in the sandwich structure interact very 
weakly, oblique reflectance spectra of s- and p-polarized light show clearly 
asymmetric line-shapes of the Fano type. However, all experimental results 
are very well described by modeling the gold nanodisks as oblate spheroids 
and by employing a 2 × 2 scattering matrix formulation of the Fresnel 
coefficients provided by an island film theory. In particular, the Fano 
asymmetry can be explained in terms of interference between the scattered 
waves from the decoupled nanodisks in the spectral range limited by their 
respective plasmon resonances. We also show that the reflectance and 
ellipsometry spectra can be described by a three-layer system with uniaxial 
effective dielectric functions. 
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1. Introduction 

Metal-dielectric composite nanostructures support confined electron oscillations driven by 
electromagnetic waves, i.e. localized surface plasmon resonances. Bringing together two or 
more metal nanoparticles, the plasmon resonances interact and coupled resonances emerge 
[1], as has been shown for several stacked configurations comprised of strips [2,3], cut-wires 
[4–6], and nanodisks [7–11] supported on a substrate. Several of these metal-dielectric-metal 
nanostructures show symmetric and asymmetric coupled resonances, where the latter has 
been interpreted as producing optical magnetism. In particular, the optical response of 
nanostructures comprised by metallic nanodisks in-tandem pairs (nanosandwiches) has been 
subject of several experimental and theoretical reports [12–15]. Besides of optical magnetism 
in nanosandwiches, Fano resonances have been reported in their normal incidence reflectance 
spectra and has been explained by using numerical simulations [7,8]. The Fano resonance is 
characterized by an asymmetric line-shape that results from the interference between a broad 
continuum spectrally overlapped by a narrower resonance. The Fano resonance phenomenon 
is commonly found in diverse metallic nanostructures [5–8,16–18] and the subject has been 
reviewed recently [19,20]. 

Generally, the optical response of plasmonic nanostructures is analyzed by numerical 
methods, often at high computational costs, and analytical descriptions involving the 
influence of electromagnetic interactions on the resonance line shape are scarce [21–24]. 
Furthermore, most of the previous reports are based on measurements of transmittance and/or 
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reflectance at normal incidence. Owing to the intrinsic anisotropy of the nanostructures, such 
analysis is limited because only the in-plane component of the polarizability is probed. 
Therefore, appropriate modeling of optical measurements at oblique incidence is required to 
explain the observed phenomena identifying the individual contributions in composite 
nanostructures. Understanding the optical properties of weakly interacting nanodisks in a 
nanosandwich structure can serve as a first step in analysis of more complex anisotropic 
structures. 

In this work, we investigate the optical response of gold-silica-gold nanosandwiches 
fabricated by hole-mask colloidal lithography, which produces short-range ordered structures 
covering large areas [25]. Spectroscopic ellipsometry and irradiance measurements at oblique 
and normal incidence are used to probe the in-plane as well as the out-of-plane components. 
Experimental evidence of weak coupling and interference effects are discussed in Sec. 3.1. 
The gold nanodisks in the sandwich structure are modeled as oblate spheroids in Sec. 3.2 and 
the polarizabilities in a modified long wavelength approximation [26] including interaction 
with the substrate are calculated. In Sec. 3.3 generalities of the island film theory [27] and the 
modified Fresnel coefficients in the Abelès 2 × 2 scattering matrix formalism are described. 
The latter formalism is applied in Sec. 3.4 to investigate interference effects and a comparison 
is made between model-calculated data and experimental spectra. Finally, in Sec. 3.5 the 
homogenization of the individual uniaxial layers is explored using effective dielectric 
functions of the Yamaguchi type [28]. 

2. Experimental 

Arrays of gold-silica-gold nanosandwiches were fabricated on glass substrates by hole-mask 
colloidal lithography [25]. Details of thickness and diameter control during fabrication of 
nanosandwiches can be found elsewhere [10,11]. The fabrication process produces truncated 
cone-shaped structures schematically represented in the inset of Fig. 1. In the present work 
the bottom and top gold nanodisks have average diameters of 170 and 120 nm, respectively. 
The two gold nanodisks are 20 nm thick and the thickness of the silica spacer is 40 nm. 

Spectroscopic ellipsometry (SE) measurements were performed in the 300-1300 nm 
wavelength range at angles of incidence between 40 and 70° using a variable angle 
spectroscopic ellipsometer (VASE) of rotating analyzer type equipped with an auto-retarder 
(J. A. Woollam Co., Inc.). Reflectance spectra were measured for polarizations parallel and 
perpendicular to the plane of incidence at angles of incidence ranging from 20 to 70°. For 
ellipsometry and reflectance measurements the back-side of the substrate was roughened. 
Also, transmittance (s-polarized) spectra at normal incidence and 25° angle of incidence were 
acquired. The refractive index of the glass substrate was determined from ellipsometric data 
and the extinction coefficient was subsequently obtained by a point-by-point fitting of 
transmittance spectra at normal incidence. The complex dielectric function of gold was taken 
from VASE measurements of a homogeneous gold film [29]. 

3. Results and discussion 

3.1 Weakly coupled plasmon resonances 

Figure 1(a) shows a comparison between transmittance (T) spectra measured at normal 
incidence, for the nanosandwich sample and a layer of 20 nm thick silica-capped gold 
nanodisks. We reported on the optical response of the latter sample in a previous work [30]. 
The structure and relevant parameters of the two samples are schematically represented in the 
insets of Fig. 1. It can be observed that the spectrum of the sandwiched structure consists of 
two plasmon resonances with nearly symmetric line-shapes; one weak resonance at 620 nm 
and a stronger mode at 810 nm. This result is in contrast to previously published results for 
nanosandwiches constructed from strongly coupled nanodisks. Such structures typically 
exhibit two hybridized resonances, that is, a strong high frequency mode and a weak low-
frequency mode that correspond to the in-phase and anti-phase motion of the individual 
dipolar particle plasmons [7–11]. Furthermore, it is clear from Fig. 1(a) that the T spectra of 
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the nanosandwiches and of the 170 nm diameter nanodisks are essentially identical for 
wavelengths longer than ~700 nm. As shown in Fig. 1(b), the s-polarized (Ts) transmittance 
spectra at an angle of incidence of 25° are nearly identical to the ones taken at normal 
incidence, in particular, the symmetric line-shape of the nanosandwich spectrum is retained. 
The results demonstrate that the plasmon resonances of the composite nanosandwich structure 
are well approximated by the dipole modes of the individual 120 nm and 170 nm nanodisks 
and, consequently, that plasmon hybridization is weak. This result is expected when 
considering that the 40 nm vertical separation between the disks is considerably larger than 
the 20 nm thickness of the individual nanodisks in the sandwich, as well as by considering the 
large difference in nanodisk aspect ratio, leading to nondegenerate modes. 

Figure 1(c) compares reflectance spectra for the two samples discussed above. Since 
reflection measurements at near normal incidence are not possible in the experimental setup 
used, we instead show s-polarized reflectance (Rs) spectra at an angle of incidence of 20°. In 
the case of nanosandwich spectrum, one clearly observes asymmetric Fano-like line-shapes, 
in particular for the short-wavelength mode. A similar asymmetric line-shape was found for 
p-polarized reflectance (not shown). Notice that the maximum of Rs in Fig. 1(c) at 810 nm is 
almost identical to that of the silica-capped gold nanodisks, similar to the case of 
transmittance in Figs. 1(a) and 1(b). 
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Fig. 1. Experimental spectra of nanosandwiches and silica-capped nanodisks: (a) normal 
incidence transmittance; (b) s-polarized transmittance at angle of incidence of 25°; s-polarized 
reflectance at angle of incidence of 20°. The insets schematically show the nanosandwich (left) 
and nanodisk (right) structures. 

3.2 Nanodisk polarizabilities 

According to the interpretation of the transmission spectra in Fig. 1, it is instructive to analyze 
the individual optical response of the decoupled nanodisks in the sandwiched structure. For 
that, and as in our previous work [30], the nanodisks are modeled as oblate spheroids with the 
major (minor) semi-axis aj (cj) parallel (perpendicular) to the substrate. The sub-index j = 1(2) 
identifies the nanodisk at the bottom (top) as shown in the insets of Figs. 2(b) and 2(c), in the 
latter s is the thickness of the silica spacer. Thus, the spheroids optical response is expressed 
in terms of two polarizabilities: one in-plane αj,|| and one out-of-plane α j,⊥ which are given by 
[27,30], 
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where εa and εm are the ambient and nanodisks dielectric functions, respectively. For the in-
plane component, the effective depolarization factor in Eq. (1) is given by [30], 
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where ηj = aj/cj is the spheroid aspect ratio and dj is the distance between the spheroid and its 
image in the substrate with dielectric function εs. The effective depolarization factor for the 
out-of-plane polarizability in Eq. (1) is Lj,⊥ = lj,⊥-2Lj,sub where lj,⊥ = 1-2lj,||. The expressions of 
lj,|| and Lj,sub in Eqs. (3) and (4) explicitly show their dependence on the spheroid aspect ratio 
ηj = aj/cj. The third and fourth terms of Eq. (2) correspond to dynamic depolarization and 
radiation damping [30], respectively, where k = 2π/λ is the wave number of the incident light. 

Figure 2 shows the nanodisks polarizabilities, αj,|| and α j,⊥, calculated with Eqs. (1)-(4), 
using the nominal parameters of the nanosandwich structure: a1 = 85 nm, a2 = 60 nm, c1 = c2 

= 10 nm, and s = 40 nm. It is clear from Fig. 2 that 1,|| 2,||α α>  and 1, 2,α α⊥ ⊥>  which is 

mainly due to the larger volume of the bottom nanodisk. As was previously reported, the 
interaction with the substrate enhances (and shifts to longer wavelengths) the plasmon 
resonance of supported gold nanodisks [30]. In the present case, the distances dj between the 
nanodisks and their respective images are d1 = 2c1 and d2 = 2(c2 + s + 2c1) for the bottom and 
top nanodisks, respectively. Since the interaction with the substrate decreases with dj 
according to Eq. (4), L1,sub > L2,sub, implying a larger decrease of the effective depolarization 
factor L1,|| in Eq. (2) for the nanodisk at the bottom. The latter result and the dependence on 
L1,|| in Eq. (1) show how the interaction with the substrate contributes to the result 

1,|| 2,||α α> . 

In the case of the out-of-plane polarizabilities, an important contribution to the result 

1, 2,α α⊥ ⊥>  resides on the fact that the nanodisk at the bottom is sandwiched by the silica 

spacer and the substrate (inset of Fig. 1). Thus, for p-polarized incident light, screening 
charges are induced in these materials due to the normal component of the incident electric 
field. Therefore, for this component the surrounding ambient differs from air and in Eq. (1), εa 
was taken as that of fused silica in the calculation of the out-of-plane polarizability α1,⊥. It 
should be noted that the spectral position of the maxima in Im{α1,||} and Im{α2,||} at 810 and 
620 nm, respectively, are coincident with the plasmon resonances in the T spectrum in Fig. 
1(a). In Fig. 2(c), the steep rise of Im{α j,⊥} at wavelengths shorter than 500 nm can be 
attributed to the onset of interband transitions in gold. Furthermore, in Fig. 2(b) it is important 
to note that α1,|| and α2,|| differ in phase in the wavelength range between 620 and 810 nm. 
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Fig. 2. Complex nanodisks polarizabilities: (a)-(b) in-plane αj,|| and (c)-(d) out-of-plane α j,⊥. 
The insets in (b) and (c) schematically show the structural parameters for the nanodisks at the 
bottom and at the top, respectively. 

3.3 Island film theory and 2 × 2 matrix Abelès formalism 

The optical response of systems comprised by particles (islands) attached to a flat substrate 
has been successfully explained by the island film theory [27]. This theory is based on the 
concept of excess currents, charge densities and fields that modify the boundary conditions at 
the surface. For non-magnetic systems and in absence of spatial dispersion, the effect of those 
excess quantities is accounted for through constitutive relations in terms of two surface 
susceptibilities, one parallel (γ) and the other perpendicular (β) to the substrate. Thus, 
modified Fresnel coefficients are obtained, which for light polarized perpendicular rs and 
parallel rp to the plane of incidence are given by [27], 
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where, 

 ( ) 2 2cos cos 1 sin 4 .s i a t a in n kκ θ θ ε γβ θ±  = ± −   (7) 

In Eqs. (5)-(7), na ( = εa
1/2) and ns ( = εs

1/2) are the refractive indices of the ambient and 
substrate, respectively; θi and θt are the incidence and refraction angles, respectively, related 
by Snell’s law na sinθi = ns sinθt. The transmission coefficients for s- and p-polarization are 
given by [27], 

 2 cos ,s a i st n Dθ=  (8) 

and, 

 ( )2 22 cos 1 sin 4 ,p a i a i pt n k Dθ γβε θ= +  (9) 

where Ds and Dp are the denominators in Eq. (5) and (6), respectively. 
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In the case of non-interacting particles the constitutive coefficients are γ = ρα|| and β = 
ρα⊥/εa

2, where ρ is the number of particles per unit area. Using this formalism, we previously 
studied the optical response of supported gold nanodisks approximated as oblate spheroids, 
Fig. 3(a) [30]. 

Because the composite structure of the nanosandwiches, it is necessary to consider the 
Abelès 2 × 2 matrix formalism of the island film theory which leads to the interface matrix 
[32], 

 2 2

11
,f

f
f f ff
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r t rt
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where rf and tf are the reflection and transmission coefficients of the hypothetical free-
standing island film schematically represented in Fig. 3(b). Because the same medium is 
above and below the island film, the coefficients rf and tf for p- and s-polarizations in Eq. (10) 
are obtained from Eqs. (5)-(9) making na = ns and θi = θt, that is, 
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− − −
 (11) 

and, 

 ( ) ( )
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, ,
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s p p
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t t

X Z Y

−
= =

− − −
 (12) 
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Fig. 3. Schematics of the analyzed systems: (a) supported oblate spheroids; (b) free-standing 
oblate spheroids; (c) two layers of free-standing oblate spheroids; (d) light propagation through 
two layers with different surface susceptibilities. 

The 2 × 2 matrix formalism allows straightforward calculations of the optical response of 
stratified systems. In fact, Eqs. (5)-(9) follow from the ratios 21 11r S S=  and 111t S=  where 

Sij are elements of the scattering matrix f as=S I I  (for the corresponding polarization) being 

Ias the standard Abelès ambient-substrate interface matrix [33]. 
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In the present work Eqs. (11)-(13) are of particular interest because they allow for an 
analysis of the individual optical response of the free-standing island layers, that is, with 
polarizabilities (α j,||, αj,⊥) corresponding to the nanodisks at the bottom (j = 1) and at the top (j 
= 2) of the sandwich structure. For illustration purposes, we show in Fig. 4 only the normal 

incidence transmittance 
2

,j f jT t=  and oblique (θi = 50°) reflectance 
2, ,

,
p s p s
j f jR r=  spectra of 

the surface susceptibilities ,||j jγ ρα=  and 2
,j j aβ ρα ε⊥=  with ρ = 4.5 μm−2. Similar results 

were obtained for other angles of incidence. As expected, the Tj, Rj
p and Rj

s spectra peak at the 
corresponding spectral position of the maximum in Im{α1,||} or Im{α2,||} shown in Fig. 2(a). 
Nevertheless, the individual spectra of Tj, Rj

p, and Rj
s overlap to different extent in the range 

of 600 to 800 nm where the complex in-plane polarizabilities ( ),|| ,|| expj j jiα α ϕ=  in Fig. 2 

present the largest phase difference Δφ = φ1-φ2 as is shown in Fig. 4(d). Also, in Fig. 4(d) it is 
shown the spectral dependence of the phase difference of reflection coefficients 

( ), , ,
, , expp s p s p s

f j f j jr r iϕ=  in Eq. (10), for p- and s-polarization ( , , ,
1 2

p s p s p sϕ ϕ ϕΔ = − ) calculated at 

an angle of incidence of 50°. Clearly, the phase differences show similar wavelength 
dependences. Results similar to those in Fig. 4(d) were obtained also for reflection spectra 
calculated for other angles of incidence but such large phase differences were not found for 
the transmission coefficients. 
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Fig. 4. Island film theory calculated spectra for individual free-standing nanosdisks layers 
shown in Fig. 3(b): (a) normal incidence transmittance, (b) p-polarized and s-polarized (c) 
reflectance at angle of incidence 50°. (d) Spectral dependence of phase differences between the 
in-plane polarizabilities of Fig. 2 (Δφ), reflection coefficients for p- (Δφp = φ1

p-φ2
p) and s-

polarized (Δφs = φ1
s-φ2

s) light at 50° angle of incidence. Subscripts 1 and 2 refer to the bottom 
and top nanodisks, respectively. 

3.4 Interference effects in free-standing and supported two-island layers 

In this section, we first investigate interference effects in the hypothetical system shown in 
Fig. 3(c) which is comprised by two free-standing gold nanodisks layers, separated by a 
distance h and immersed in an ambient of refractive index na. The scattering matrix of this 
system is 2 1f h f=S I L I  where the top and bottom nanodisks layers are represented with 

interface matrices If2 and If1 of the type given in Eq. (10) and Lh is the standard layer matrix 

( ) ( )diag exp ,exph i iφ φ= − +  L  with cosa ikhnφ θ=  and h = s + c1 + c2. This phase shift is 

introduced by the electromagnetic waves traveling back and forth in the region bounded by 
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the two interfaces of the nanosandwich structure as represented in Fig. 3(d). Thus, the 

reflectance of this system for p- and s-polarization 
2, , ,

21 11
p s p s p sR S S=  is given by, 

 
( )

2, , ( , )2 ( , )2 , , ( , )2 ( , )2 ,
2 1 2 2 1 2 2 2,

, , , , , ,
1 2 1 2 1 2

2 cos
,

1 2 cos 2

p s p s p s p s p s p s p s p s p s

p s

p s p s p s p s p s p s

R R t r R R t r
R

R R R R ϕ ϕ φ

+ − + − Φ
=

+ − + +
 (14) 

where , , , ,
1 2 2p s p s p s p sϕ ϕ φ δΦ = − + +  and δ p,s is the phase of ( , )2 ( , )2

2 2
p s p st r− . The cosine term in 

the numerator of Eq. (14) produces interference effects. The transmittance is obtained from 
2, , , , ,

11 1 21p s p s p s p s p s
dT S T T D= =  where Dp,s is the denominator in Eq. (14) and no interference 

effects are expected in transmission spectra. 
Figure 5(a) shows the calculated spectrum at normal incidence of the two interfaces 

system and clearly Td≈T1T2. However, in Figs. 5(b) and 5(c) the reflectance spectra Rp and Rs 
calculated with Eq. (14) for p- and s-polarization, respectively, exhibit strong destructive 
interference at λ = 660 nm coincident with what is experimentally observed in Fig. 1(c). In 
the case of p-polarization the reflectance decreases with increasing angle of incidence from 
20 to 70°, as indicated by the arrow in Fig. 5(b), because the contribution of αj,|| decreases 
continuously with increasing angle of incidence. On the contrary, Rs increases and broadens at 
grazing angles of incidence. The fact that different interference effects arose depending on the 
observation conditions (reflection or transmission) has previously been reported in other 
plasmonic systems [16]. The Fano-like interference in Figs. 5(b) and 5(c) results from the 
coherent addition of electromagnetic waves reflected from the nanodisks layers and 
determined by the phase Φp,s in Eq. (14) whose spectral dependence for p-polarization is 
shown in Fig. 5(d). Actually, δp,s is very small and the interference is dominated by the other 
terms in Φp,s. Similar results were obtained for s-polarization (not shown). 
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Fig. 5. Island film theory calculated spectra for two free-standing nanosdisks layers shown in 
Fig. 3(d) immersed in air and separated by 60 nm. (a) Normal incidence transmittance; (b) p-
polarized reflectance and (c) s-polarized reflectance at angles of incidence between 20 and 70° 
(in steps of 10°). (d) Spectral dependence of the phase Φp = φ1

p-φ2
p + 2φ + δ p in Eq. (14) for p-

polarization. In (a) also is shown the product T1T2 of spectra shown in Fig. 4(a). 

The formalism in the last paragraph is readily extended for supported gold 
nanosandwiches. For this system the scattering matrix is 2 1 1f h f a as=S I L I L I  where Ias is the 

normal Abelès ambient-substrate interface matrix [33]. Figure 6 shows a comparison between 
simulated and experimental spectra. As can be observed for Rs in Figs. 6(a) and 6(b) at θi = 
50° and 70°, respectively, all the features in the experimental spectra are reproduced by the 
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simulation, including the destructive Fano interference at λ = 660 nm. A close inspection of 
the Rs spectra in Figs. 6(a) and 6(b) reveals that they are less broad than the calculated spectra 
shown in Fig. 5(c). This observation indicates that interference effects associated with 
reflections from the substrate are also present. On the other hand, it can be noticed that the 
experimental Rp spectra are well described by the model-calculated data, including the 
inverted line-shape at an angle of incidence of 70°, which is not seen in Fig. 5(c) because it is 
caused by the presence of the substrate. Furthermore, the model-calculated Rp spectrum in 
Fig. 6(b) shows weaker constructive interference and the minimum at about λ = 800 nm is 
slightly blue-shifted. It is clear that modeling the nanodisks as oblate spheroids represents 
some limitations. In particular, the sharpness of edges and interfaces in the real structure 
(which obviously have been neglected) strongly modify the screening effects mainly on the 
out-of-plane components (αj,⊥) controlling the p-reflectance and an increasing effect with the 
angle of incidence is expected. 
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Fig. 6. Experimental and island film theory calculated spectra for nanosandwiches: p- and s-
polarized reflectance at angles of incidence (a) 50° and (b) 70°; (c) normal incidence 
transmittance; ellipsometric spectra at angles of incidence (d) 50° and (e) 70°. The two non-
interacting oblate spheroids representing the nanosandwiches are schematically shown at the 
bottom-left. 

Figure 6(c) shows the normal incidence overall transmittance of light exiting from the 
back side of the substrate calculated according to, 

 ( )2

11 exp ,sa s sT t S dα= −  (15) 

where tsa is the transmission coefficient of the substrate-ambient back interface (the reflection 
from this interface is neglected); αs and ds are the absorption coefficient and thickness of the 
substrate, respectively. Finally, Figs. 6(d) and 6(e) show the experimental and model-
calculated ellipsometric spectra for Ψ and Δ which are defined by the complex-valued ratio 
between the reflection coefficients for light polarized parallel rp and perpendicular rs to the 
plane of incidence [33], 

 ( )tan exp .p sr r i= Ψ Δ  (16) 

The importance of reporting ellipsometric data resides on the fact that they represent 
different illumination and measuring conditions, which are incidence of simultaneous p- and 
s-polarized waves and measurement of their intensity ratio and phase difference. As shown in 
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Figs. 6(d) and 6(e) there is a very good agreement between experimental and model-
calculated data sets at angles of incidence of 50 and 70°, thus supporting to the reliability of 
the model employed as well as the use of the nominal structural parameters. 

3.5 Homogenization of nanosandwiches layers 

The results of the previous sections clearly show that homogenization of the nanosandwich 
layer is not possible, that is, the internal structure of the sample cannot be neglected. 
Nevertheless, previously we reported homogenization of supported nanodisks using the 
effective medium Yamaguchi expressions [30]. Therefore, this approach represents a 
homogenization alternative to be explored for the layers comprising the nanosandwich. In this 
case, the sample is represented as a three-layer system on glass which is depicted in the inset 
of Fig. 7(c). In this system, each layer has uniaxial anisotropy with effective in-plane (εj,||) and 
out-of-plane (εj,⊥) components of the complex dielectric tensor of the Yamaguchi type 
[28,30], 

 ,|| ,||1 ,j a j j jq Vε ε α = +   (17) 

and, 

 
1

, ,1 .j a j j jq Vε ε α
−

⊥ ⊥ = −   (18) 

Here, qj is the volume fraction occupied by the nanodisks with volume Vj in layer j ( = 1,2) 
and polarizabilities αj,(||,⊥) of Eq. (1) and Fig. 2. Figure 7 shows the in-plane (εj,||) and out-of -
plane (εj,⊥) components of the effective complex dielectric tensor for the bottom (j = 1) and 

top (j = 2) nanodisks layers. As expected, 1,|| 2,||ε ε>  and 1, 2,ε ε⊥ ⊥>  because of the same 

reasons as discussed above in the case of the nanodisks polarizabilities in Fig. 2. For the 
spacer layer the polarizabilities in Eqs. (17) and (18) were calculated with εm = εsilica in Eq. (1) 
and geometric depolarization factors l2,|| and 2, 2,||1 2l l⊥ = − using the nominal values of the 

structural parameters. The resulting tensor components are close to unity. 
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Fig. 7. Effective dielectric function tensor components of gold nanodisks layers: (a)-(b) in-
plane ε|| and (c)-(d) out-of-plane ε⊥. The inset in (c) depicts the three homogeneous layers 
system. The space layer has real-valued dielectric functions components close to unity. 

Figure 8 shows the experimental and calculated spectra of Rs, Rp, Ψ, and Δ using the air-
three uniaxial layers-glass system and the 4 × 4 matrix Berreman method [33]. The film 
thicknesses for the layers were the nominal nanodisks thicknesses namely, 20, 40, and 20 nm 
and the volume fractions qj were 0.075, 0.064, and 0.037 for layer 1, spacer layer and layer 2, 
respectively. As can be observed in Figs. 8(a) and 8(b), the calculated data reproduce the 
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Fano line-shape of the Rs and Rp spectra quite well at the two angles of incidence θi = 40 and 
70°, respectively. The experimental and simulated spectra of the ellipsometric angles Ψ and Δ 
at the two angles of incidence are shown in Figs. 8(c) and 8(d), respectively. The 
homogenized layers model description of the experimental spectra in Fig. 8 is clearly similar 
to the one based on the island film theory in Fig. 6. In particular, both models give an 
excellent representation of both plasmon resonances and the experimentally observed Fano 
interference. 
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Fig. 8. Experimental and calculated three-effective layers spectra of: p- and s-polarized 
reflectance at angles of incidence (a) 40° and (b) 70°; ellipsometric spectra of Ψ and Δ at (c) 
40° and (d) 70°. 

4. Conclusions 

We have presented a theoretical analysis of experimental spectra of a layer of gold 
nanosandwiches comprised of two weakly coupled 20 nm thick gold nanodisks separated by a 
40 nm silica spacer. It was found that modified Fresnel coefficients based on an island film 
theory and the Abelès 2 × 2 scattering matrix formalism accurately describe all experimental 
features observed, including ellipsometry data and spectral interference effects of the Fano 
type. The surface susceptibilities required by the island film theory were modeled by 
approximating the nanodisks as oblate spheroids while taking into account the interaction 
with the substrate. The asymmetric Fano line-shape observed in the reflectance spectra results 
from coherent superposition and interference of electromagnetic waves being reflected by the 
individual nanodisks layers and the substrate. Recently, pronounced Fano interference 
between localized plasmons and interface reflection was reported for layers of nanodisks 
made by hole-mask colloidal lithography [18]. However, in that case, the measurements were 
performed with light incident from the glass side. In particular, the strongest Fano effect was 
observed for angles close to the critical angle, that is, close to the transition from a spectral 
reflectance peak, similar to the spectral features discussed here, and a spectral dip observed 
under total internal reflection. In the present case, the Fano effect is instead dominated by 
interference between the light emerging from the two nanodisk layers comprising the 
sandwich structure. The strongest interference is found for wavelengths in between the 
plasmon resonances of the individual nanodisks, corresponding to out-of-phase oscillations of 
the decoupled nanodisks plasmons. As an alternative approach, we show that the measured 
spectra can also be well described through homogenization of the individual layers in the 
nanosandwiches array using dielectric functions of the Yamaguchi type. 
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