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Abstract

An theoretical study is presented of the dispersion of surface plasmon polariton (SPP) and wave
guide (WG) modes of a metal-insulator-metal (MIM) thin film stack. We study the dispersion of the
reflectance and of the transmitted flux, originating from a local excitation source, of an asymmetric
MIM air-Au-SiO2-Au-Ti-glass material system in the infrared and visible spectral region for a wide
range of SiO2 and gold thicknesses, dSiO2 and dAu. In comparison to reference stacks of air-Au-glass or
air-SiO2-glass, between 1.4 and 2.0 eV, the transmitted flux intensity is enhanced 12 or 25 times, in the
emission direction of the in-plane wave vector kρ{k0 «1.05 and for a thickness of dSiO2

P[300-700] nm,
respectively. This enhancement is attributed to the coupling, through the avoided crossings, between
the SPPair and WG modes. As the fields of the SPPair and WG modes are located in different regions
of space the enhancement is nearly independent of the number of nodes in the WG mode. In summary
we have identified sets of parameters giving rise to the observables enhancement. Therefore the present
MIM thin film stack is a simple and a versatile system for the use in applications.

1 Introduction

The surface plasmon polaritons (SPP) are coherent longitudinal surface fluctuations of an electron plasma
at an interface between two media, usually metal-dielectric, coupled to an external electromagnetic field.
The SPP give rise to an enhancement of this electromagnetic field [1]. This enhancement is now studied
in involved geometrical structures with interfaces including flat and corrugated thin films stacks, films
with ridges, stripes, wedges, single particles and holes and periodically structured arrays ([2, 3]). The
applications of the field enhancement and other optical phenomena in these structures are numerous in
microelectronic circuitry, radiative decay [3, 4], wave guides [5], organic plasmon emitting diode [6] and
chemical and biological sensors [7].

In the literature, flat multi-layered thin film stacks containing metals come in two configurations: the
insulator-metal-insulator (IMI) [8, 9, 10, 11, 12, 13] and the metal-insulator-metal (MIM) [14, 15, 16, 17,
18, 19]. Both types of stack have been studied widely with both experimental and theoretical approaches.
In an experiment, a variety of optical measurements can be performed: attenuated total reflection (ATR)
([12, 20, 21]), reflectance and fluorescence [22], angular resolved photoluminescence [23] and angular
resolved electron energy loss [24]. In the case of near-field probe techniques, the AFM [5] or STM [25] tip
provides a localized source of excitation. The transmitted flux intensity and any enhancement that may
occur, is measured. Applications are numerous, in particular for flat stacks. In MIM stacks the SPP-WG
(wave guide) modes coupling can be exploited [14, 15] while in IMI stacks having a spacer, they display
a sharp Fano resonance of use in sensors using monochromatic [8, 9] or radial polarized white light [22].

A theoretical approach to studying these stacks involves solving the analytical expression of the dis-
persion for both complex in-plane and out-of-plane wave vector projections kρ and kz ([13, 19, 26, 27]).
Another approach is to first calculate a 3D plot where the abscissas correspond to the real ω{kρ or ω{kz
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variables and the ordinate to the observable intensity. Then the 2D ω{kρ and ω{kz plots of the observable
extrema permit the dispersion curves to be drawn ([28, 25, 22, 18, 20, 29, 30, 31]).

For IMI1...In stacks Ditlbacher et al. [12] studied the dispersion of the modes in a glass-SU8-Ag-SiO2-
air-prism system and identified an avoided crossing between the SPP-WG modes. More recently, Hayashi,
Nesterenko, Sekat and co-workers measured the reflectance in an ATR set-up in stacks composed of air-
(DR1 doped poly(methyl methacrylate) or PMMA)-Cytop(spacer)-Ag-prism(SF11) [30], air-(DR1 doped
PMMA)-Cytop(spacer)-Ag-prism(SF10) [32], and air-Al2O3-SiO2-Al-SF11-prism(SF11) [11]. At λ=632.8
nm (ω=1.9593 eV) the reflectance/incident angle graph displays an extremely steep Fano resonance of
interest in sensor applications.

SPP and WG modes have been identified in systems with claddings other than glass ; for example,
water in a water-Cytop-I-Au-prism stack where Cytop is a spacer and ’I’ is ZnS+SiO2 ref. [29, 33] or
PMMA ([34]). Again at λ=632.8 nm the reflectance/incident angle graph displays a Fano resonance that
is very sensitive to changes of the refractive index in a solution containing a chemical or a biological
system to be analyzed [7, 15, 8, 9].

The organic plasmon emitted diode, another application of IMI stacks, was initially developed using
only thin film stacks [35], though now the thin films are combined with nano structures [6].

The Ag-I-Ag and Ag-I1-I2-Ag MIM thin film stacks have been studied by Hayashi and co-workers
[21, 23, 31] using photoluminescence and ATR. By measuring the photoluminescence in an air-Ag-MgF2-
Alq3-MgF2-Ag-glass stack and comparing it to calculations, Hayashi et al. [23] found an avoided crossing
between the plasmonic air-Ag SPP and photonic WG modes. The photoluminescence enhancement can
be compared with a metal-free stack or with a single metal and dielectric stack of the MI or IM type.
In a particular emission direction this enhancement can be as much as 25 times larger than that of a
metal-free stack. Integrating over the light emission angle to obtain the electromagnetic local density of
states (EM-LDOS) gives rise to an enhancement of 2.5. Yang et al. [17] found a modest few percent
enhancement of E2

‖ in a study comparing air-Au(200 nm)-SiO2(50 nm)-Al2O3(50 nm)-Au(200 nm)-air
and air-Au(200 nm)-SiO2(100 nm)-Au(200 nm)-air stacks.

Verhagen et al. [5] found air-Ag SPP and MIM-SPP modes in their study of a MIM air-Ag-Si3N4-Ag
stack excited by an AFM tip. Since the intensity of the field in the dielectric is large it is probable that their
MIM-SPP mode is a SPP-WG hybrid mode. For a MIM air-Ag-PMMA-Ag-BK6(prism) thin film stack
Refki et al. [31] measured the ATR minimum at different wavelengths to obtain an experimental dispersion
curve in good agreement with the theoretical dispersion derived from power dissipation calculations. They
found that the position of the avoided crossing changes with the dielectric thickness and the avoided
crossing strength rises as the silver thickness diminishes. Again the assignment of the Ag-air SPP mode
seems correct whereas the S-SPP mode is probably a hybrid SPP-WG mode. Using an air-Ag-SiO2-Au-
SiO2-(quart prism) thin film stack Neo et al. [16] measured the ATR function of the incident angle at
λ=632.8 nm and performed calculations using a finite-difference time-domain (FDTD) model. For two
thicknesses of the stack they identified a sharp Fano resonance. Using a He-lamp (590-670 nm) and a
He-Ne laser at λ=632.8 nm Matsunaga et al. [36] studied the reflectance of an air-Ag-SiO2-Au-quartz
prism. Their reflectance-incident angle graphs present a wide and a narrow feature, that they attributed
to the WG and the SPP modes, respectively. They also identified a Fano resonance.

To estimate the usefulness of MIM sensors using water Refki et al. [14] performed an ATR experiment
at λ=632.8 nm to study a water-Au-PMMA-Ag-prism thin film stack in which a sharp Fano resonance
was identified. By using the figure of merit they were able to qualify this stack as a possible sensor
to measure the change of the refractive index in solution. Recently Vlcek et al. [15] proposed to com-
bine MIM and IMI stacks ((rutile-prism)-Au-glass-Au and (rutile-prism)-(air gap)-(gallium-gadolinium
garnet)-(bismuth-doped gadolinium iron garnet)-(aqueous solution)) in an effort to develop new sensors
based on reflectance changes for the analysis of the constituents of an aqueous solution.

The papers discussed above show that in an IMI or a MIM thin film stack the sustained modes can
produce resonance phenomena and the enhancement of the observables. Often the cited experimental and
theoretical studies considered thin film stacks of fixed thickness and wavelength.

What are the best geometrical parameters, laser frequencies and in-plane wave vectors able to give
rise to observable enhancements and resonances and produce tools of use in applications? In this paper
we will try to answer these questions in a theoretical study of the light emission from a metal-insulator-
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metal (MIM) stack Au-SiO2-Au where the thickness of the two layers of gold is identical and the cladding
is composed of air and glass resulting in an asymmetric air-Au-SiO2-Au-Ti-glass thin film stack. The
idea is to model a stack of the same type as the one studied in Cao et al. [25] and investigate new
sets of parameters permitting the enhancement of the transmitted flux in this stack. To be precise, in
this work we have calculated the dispersion of our gold MIM stack from 3D plots where the ordinates
are the reflectance R and the locally excited transmitted flux SÓ. In this work we have systematically
varied the thicknesses of the insulator and metal films (dSiO2 P r100, 800s and dAu P r10, 60s nm), the
excitation energies, ~ωpeVq P r0.7, 4.3s covering the surface plasmon polariton (SPP), quasi bound (QB)
and radiative plasmon polariton (RPP) photon domains, and the in-plane wave vector kρ (kρ{k0 P r0, 1.52s,
with k0 “ ω{c and nglass=1.52).

We show that above the surface plasmon (SP) resonance at 2.384 eV the observable amplitudes are
weak, consequently our study is confined to the region below this SP resonance. Compared to reference
stacks composed of air-Au-glass or air-SiO2-glass, the transmitted flux intensity is enhanced by a factor
12 or 22, respectively. The EM-LDOS, integrated over the in-plane wave vector flux is enhanced by about
2.5. The observables enhancement originates from the SPPair-WG avoided crossing instead of the leakage
of the SPP mode. Since the fields of the SPPair and the WG modes are located in different regions of
space, this enhancement takes place at few SiO2 thicknesses in the domain dSiO2 P r200, 700s nm.

In summary in this study we have identified sets of parameters giving rise to the enhancement of the
observables. Therefore the present MIM thin film stack is a simple and a versatile system for the use in
applications.

2 Observables and simple models

2.1 Reflectance and transmitted flux from a local excitation

Figure 1: Schematic representation of the six-layer asymmetric MIM stack air-Au-SiO2-Au-Ti-glass. The
two excitation modes are presented above the top air-Au interface : i) the p polarized plane wave photon
(upper left); ii) a vertical oscillating dipole ~p0z located at a height h, a few nm above the first interface,
a local excitation (upper right). The cylindrical system of coordinate {z, ρ, ϕ} used here is represented
in the upper right corner.

Figure 1 presents the air-Au-SiO2-Au-Ti-glass six-layer asymmetric thin film stack similar to the one
studied experimentally by Cao et al. [25]. The excitation occurs either through a plane wave p polarized
photon incident on the surface at an angle θi with the reflectance measured at the reflection angle θr (upper
left corner). Or by a vertical oscillating dipole ~p0z located at a height h a few nm above the surface (upper
right corner). In this work two projections are used: i) the in-plane projection corresponding to the {ρ,
ϕ} plane, in the momentum space kρ, and ii) the out-of-plane projection, in the momentum space kz.

The observables presented below for the p polarized light will be used to calculate the dispersion of
our MIM thin film stack. The reflectance R is a ratio of the reflected and incident Poynting vectors ~S
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projections on the normal to the surface ~n ” z (Yeh [37, chapter 3])

Rppqpθi, ωq “
~Sprq ¨ ~n

~Spiq ¨ ~n
“ rrppqs2, ~S “ ~E ˆ ~H˚, (1)

where rppq is the Fresnel reflection coefficient in ppq/TM polarization. The multiple reflections and re-
fractions of all the layers of the stack are included in this term. We implemented the transfer matrix
algorithm of Abèles-Bethune [38] using the method explained in Achlan’s PhD thesis [28, chapter 5] and
in Cao et al. [25, appendix]. In the rest of the paper we will use the notation R ” Rppq.

For a local excitation by a vertical oscillating dipole ~p0z located at a height h a few nm above the top
interface (see figure 1), only the p/TM polarized light contributes to the transmitted flux or Poynting
vector SÓn. For a stack of n layers one writes ([28, 25, 39, 40, 41, 42])

SÓnpkρ, δ, ωq “ SÓnapkρ, δ, ωq ` S
Ó

nf pkρ, δ, ωq

SÓnapkρ, δ, ωq “
p20z

64π2
c2 k2ρ
ω ε0

t
ppq
1n pkρ, δq

pk1z{k0q

ˆ

knz t
ppq
1n pkρ, δq

pk1z{k0q

˙˚

kρ P r0, k1s

SÓnf pkρ, δ, ωq “
p20z

64π2
c2 k2ρ
ω ε0

t
ppq
n1 pkρ, δq

pk1z{k0q

ˆ

knz t
ppq
n1 pkρ, δq

pk1z{k0q

˙˚

expp´2 k”1z hq kρ P pk1, kns,

(2)

where k”1z is the imaginary part of k1z. The above expressions are written in cylindrical coordinates with
kρ and kz the in-plane and the out-of-plane projections of the wave vector where δ is the thickness of the
entire thin film stack (see figure 1). Here tppq1n and tppqn1 are the Fresnel transmission coefficients through
the entire stack (1 to n and n to 1 layers) including all the reflections and refractions with the plane
wave excitation from the first and the last medium. The quantities SÓna and SÓnf are the allowed ’a’ and
forbidden ’f’ or evanescent contributions to the transmitted flux intensity or the Poynting vector in the
last substrate layer n. Further details on the model and its implementation can be found in refs. [28, 25].

How one can measure the enhancement in a MIM thin film stack? As proposed by Hayashi et al. [23]
and Yang et al. [17] the enhancement is evaluated by calculating the ratio of the transmitted fluxes in
the present stack compared to a reference stack. The obvious choice for a reference stack is either (i)
a dielectric stack, in this case air-SiO2-glass or (ii) a insulator-metal-insulator (IMI) stack, in this case
air-Au-glass, respectively the Poynting vectors aSiO2gSÓn or aAugSÓn.

Consider first the maximum flux of our six-layer MIM stack MIMSÓn given eq. (2) above. At a particular
frequency ω and a gold thickness dAu this maximum is obtained by varying kρ and SiO2 thickness dSiO2

up to the optimal values kmaxρ and δmax=2dAu+dSiO2 (max means a parameter value corresponding to
the maximum of MIMSÓn). Then at kmaxρ and δmax one calculates the reference stack flux refSÓn. Now
Iref pωq, the ratio of these two fluxes, reads

Iref pωq “
SÓpkmaxρ , δmax, ωq

SÓref pk
max
ρ , δmax, ωq

“
rSÓpkρ, δ, ωqsmax

SÓref pk
max
ρ , δmax, ωq

, (3)

expression written using a simplified notation SÓ ” MIMSÓn and SÓref ”
refSÓn, notation also used in the

rest of the paper. For the air-Au-glass stack the gold thickness is aAugdAu “ 2
`

MIMdAu
˘

. What happens
if in eq. (3) one uses an optimized reference flux tSÓrefumax? We have performed calculations comparing
both expressions; the results are reasonably close so that a separate evaluation is not needed.

2.2 Simple models for plasmonic SPP and photonic WG modes

Simple analytical models, presented in the appendix A, give the characteristic properties either of the SPP
mode at a single interface or of the WG mode for a three-layer stack. These models permit an analysis of
the modes sustained in our six layers stack. In summary:

• Section A.1 discusses the dispersion of the plasmon polariton (PP) modes of gold and silver at a
metal-dielectric interface that appear in the SPP, QB and RPP spectral regions. These regions
cover respectively the ~ω P rωmin, ωsps, ~ω P rωsp, ωrpps and ~ω P rωrpp, ωmaxs spectral domains.
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The first and second columns of figures A-1 and A-2 present the dispersion and the leakage of the
gold-air and silver-air interfaces. The dispersion curves of the PPair and the PPglass modes are
located at Rerkρ{k0s « 1 and Rerkρ{k0s « 1.52. They are well separated in gold but in silver they
sweep and cross over the entire domain of wave vector projections. The second row of figures A-1
and A-2 show that below the SP resonance ~ω P rωmin, ωsps the leakage is extremely low in gold and
silver for both in-plane |Imrkρ{k0s| ! 0.1 and out-of-plane |Imrkz{k0s| ! 0.1 wave vector projections
(˘ sign or proper/improper Riemann sheet in equations (A-1) and (A-2)).

• Section A.2 discusses the photonic WG modes in an Au-SiO2-Au stack. The left and middle panels
of figure A-3 show the real nrAu and imaginary κAu parts of the refractive index of the gold as a
function of the frequency. The condition of the appearance of the WG modes, i.e. nrAu ă nSiO2

(nSiO2 «1.5), is fulfilled for ~ωpeVq P r0.65, 2.5s. Our calculations were performed using a simple
accumulated phase model valid for dielectrics discussed in Saleh and Teich [43, section 7.2] where
the phase ϕz is calculated using the complex refractive index of gold. The results presented in figure
A-4 show that, as expected, the number of nodes per energy unit rises with the SiO2 thickness.

It appears that the above independent calculations of the SPP and WG modes locate their appearance in
the same spectral and wave vector region. Then in the MIM stack studied here, these modes will interact
giving rise to avoided crossings particularly since in the studied frequency region the gold skin depth is
between 25-40 nm comparable to this layer thickness dAu P[15-40] nm (see figure A-3, third panel).

3 Results

3.1 Reflectance and transmitted flux spectra of the SPP and WG modes

This section presents the spectra of the reflectanceR (eq. (1)) and of the transmitted flux intensity SÓ (eq.
(2)) obtained on an asymmetric glass-Au-SiO2-Au-Ti-air thin film stack (see figure 1) in the optical region
as a function of the in-plane wave vector kρ{k0. We study the entire optical domain ~ωpeVq P r0.7, 4.3s
covering three spectral regions; the SPP (~ω P rωmin, ωAu

sp ), the QB (~ω P rωAu
sp , ω

Au
rpps) and the RPP

(~ω P rωAu
rpp, ωmaxs), where ωmin “0.7 eV, ωmax “4.3 eV, ωAu

sp =2.384 eV and ωAu
rpp=3.3715 eV. The in-

plane wave vector kρ{k0 P r0, 1.52s corresponds to the experimental measurements of the transmission
flux in glass performed by Cao et al. [25]. The results presented below are the raw calculations which are
analyzed in the rest of the paper.

Figure 2 presents a top view of the 3D plots of the reflectance R function of kρ{k0 P[0.7,1.3] (columns
1 and 3) and of the transmitted flux SÓ function of kρ{k0 P r0.98, 1.3s (columns 2 and 4) in the restricted
frequency domain ~ωpeVq P r0.7, 2.8s. In these observables, the PP and WG modes appear respectively as
minima and maxima. Figures B-1 and B-2 of appendix B present these same observables in the extended
frequency domain ~ωpeVq P r0.7, 4.3s. Above the SP resonance at ωAu

sp =2.384 eV the extrema of the modes
become so weak that they are barely distinguishable from the background. Consequently in the rest of the
paper we restrict our study to a region slightly wider than the SPP spectral region, namely ω P r0.7, 2.8s
eV.

The 3D graphs of these three figures (2, B-1 and B-2) display possible SPPair-WG avoided crossings and
the comparison with the uncoupled representation of SPPair and WG modes shown in figure 3 validates
this interpretation.

In figures 2 and 3 two in-plane wave vector kρ{k0 regions can be distinguished:

• The allowed region, where the in-plane wave vector is kρ{k0 P r0, 1s. In this region we only present
the reflectance (columns 1 and 3 of figure 2) since the transmitted flux SÓ has an extremely low
maximum. In figure 3 and in columns 1 and 3 of figure 2 the WG modes are nearly independent of
frequency ω. As in the uncoupled representation of figure 3, when increasing the SiO2 thickness the
reflectance R is able to sustain an increasing number of WG modes per frequency unit (columns 1
and 3 of figure 2). Therefore we tentatively identify these modes weakly dependent on frequency
with the WG modes having a different number of nodes `.

• The forbidden or evanescent region with kρ{k0 P r1, 1.52s. In the uncoupled representation of
figure 3 several crossings between a SPPair andWGmodes are present whereas the SPPglass is located
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above kρ{k0 ą1.52 (see section A.1) beyond the in-plane wave vector domain studied here. In the 3D
graphs presented in figure 2 these SPPair-WG crossings become avoided with the splitting governed
by the extent of the interaction between the modes. By continuity with the allowed region and by
comparing with the uncoupled representation of figure 3 the WG and SPP modes are identified in
both observables.

The second and fourth columns of figure 2 show that, when varying the parameters of our MIM stack
in the forbidden region, one observes an enhancement in SÓ of between 2 and 8 10´6 for dAu=25,
40 nm and dSiO2 P[300,800] nm. This enhancement will be discussed further in section 3.4 below.
When the in-plane wave vector kρ{k0 ă 1.0 or kρ{k0 ą 1.3 one is far from the avoided crossing and
the transmitted flux intensity SÓ is weak.

dSiO2
\ dAu 25 nm 40 nm

R S↓ R S↓

100 nm

200 nm

300 nm

400 nm

500 nm

700 nm

Figure 2: Top view of the 3D plots of the MIM thin film stack (figure 1) reflectance R (columns 1
and 3, abscissa kρ{k0 P[0.4,1.3]) and of the transmitted flux intensity SÓ (columns 2 and 4, abscissa
kρ{k0 P[0.9,1.3]) in the energy domain ~ωpeVq P[0.7,2.8]. Rows and columns correspond to the SiO2 and
Au thicknesses.

6

Page 6 of 23AUTHOR SUBMITTED MANUSCRIPT - JPhysD-125283.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



Figure 3: Uncoupled representation of dispersion curves: (i) black curve taken from fig. A-1 corresponds
to a plasmon polariton (PP) mode at the air-Au interface and in air. Below ~ωsp ă2.384 eV this PP
becomes a SPPair mode; (ii) color curves correspond to WG modes with ` P r1, 4s of an Au-SiO2-Au
stack are taken from fig. A-4. The left and the right panels show the thickness dSiO2 =400 and 800
nm respectively. The dashed vertical line separates the allowed (left) and the forbidden (right) spectral
regions.

Finally consider the evolution of a SPPair-WG avoided crossing with the dSiO2 thickness shown in
figure 2. For dSiO2 “100 nm (first row in the figure) the upper and the lower curves of the crossing are
located above and below the SP resonance at ~ωAu

sp =2.384 eV. For thicker SiO2 layers the WG modes and
the avoided crossings migrate to lower energy and several new SPPair-WG crossings become visible.

3.2 Evolution of the SPPair-WG avoided crossings with the SiO2 thickness

Figure 4: The coupled dispersion curves of the avoided crossings for a thickness dAu=25 nm. The black-
red, red-blue and blue-green curves represent the dispersion of the SPPair-WG1, SPPair-WG2 and a third
(not discussed) avoided crossings. Novotny’s model [44] has been used to subtract a linear variation E0

from the background of the raw curves of the avoided crossing (parameters given at the bottom right
corner of each panel). Curves obtained from the minima of the reflectance of the 3D graphs of figure 2.
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Figure 5: The position of the SPPair-WG1 avoided crossing (left column) and of the first SPPair-WG1

(1:dAu nm; symbol ‚) and the second SPPair-WG2 (2:dAu nm; symbol �) crossings (right column). The
first and second row panels correspond to calculations using the reflectance R and the transmitted flux
intensity SÓ.

Figure 6: Rabi splitting of the SPPair-WGi modes avoided crossing of the first WG1 (left column; 1:dAu
nm; symbol ‚) and of the second WG2 modes (right column; 2:dAu nm; symbol �). Same explanations as
in figure 5.

To analyze the avoided crossings presented in the 3D plots of figure 2 we have retained two particular
crossings SPPair-WG1 and SPPair-WG2 corresponding to WG modes with the number of nodes `=1 and
`=2, respectively. The 2D dispersion curves in figure 4 were obtained from the minimum of the reflectance
R of the 3D plots presented in figure 2. The background is subtracted form the presented plots using
Novotny’s avoided crossing model [44]. The left and middle panels of the first row of figure 4 (thickness
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dSiO2 P r300, 400s nm) show that the WG1 mode has migrated below the SP resonance frequency at
~ω=2.384 eV and its signature becomes visible in the dispersion curves. The other panels of the figure
with dSiO2 P[500,800] nm show that a second, third, and so on WGi mode, and the associated SPPair-
WGi avoided crossings migrate, to lower energies. This behavior corresponds to the results of Au-SiO2-Au
model of section A.2.

Figure 5 presents the energy positions of the SPPair-WG1 and SPPair-WG2 avoided crossings: in the
left column the SPPair-WG1 and in the right column the SPPair-WG1 and SPPair-WG2 obtained using the
reflectance R (first row) and the transmitted flux intensity SÓ (second row). One sees that the position of
the avoided crossing is weakly dependent on the gold thickness and a particular avoided crossing position
decreases with increasing SiO2 thickness. Figure 6, organized in a similar way as figure 5 above, presents
the avoided crossing interaction or the Rabi splitting ∆. As a function of the dSiO2 thickness, the Rabi
splitting ∆ decreases but, contrary to the position of the avoided crossing, this splitting is much more
sensitive to the gold thickness related to the leakage.

Unexpectedly, the left and right columns of figures 5 and 6 show that at different dSiO2 thicknesses
SPPair-WG1 and SPPair-WG2 avoided crossings can be close in position and Rabi splitting. For example
for E=1.8 eV SPPair-WG1 and SPPair-WG2 avoided crossings appear at dSiO2=230 and 560 nm respec-
tively. Also for the Rabi splitting of ∆=0.6 eV the respective thickness of the two avoided crossings is
dSiO2=300 and 500 nm. The origin of this remarkable coincidence will be discussed in the next section.

3.3 Localization and characterization of the modes

glass-Ti(3 nm)-Au(dAu)-SiO2(dSiO2)-Au(dAu)-air
{
kρ
k0

}
|E|

{
kρ
k0

}
|E|

{
kρ
k0

}
|E|

0.4 0.8 0.9

1.0 1.005 1.055

1.105 1.205 1.405

Figure 7: Modulus of the electric field |E| (arbitrary units) function of the penetration coordinate z
and of the laser frequency for a glass-Ti-Au(25nm)-SiO2(600nm)-Au(25nm)-air stack. In the calculation
the cladding, with the thickness of 300 nm, is located at: i) cover zglass P r0, 300s nm and ii) substrate
zair P r900, 1200s nm.
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The characterization of plasmonic SPP and photonic WG modes can be performed studying the field
function of the penetration coordinate z. In the literature this field characterization is performed in
different ways: i) Dionne et al. [13, 19] and Refki et al. [31] use a normalized electric field, ii) Smith et
al. [18] time averaged electric and magnetic fields and their in-plane or out-of-plane projections, iii) Chen
et al. [27] the magnetic and the electric fields, and finally iv) Dithbacher et al. [12] and Choudhurry et
al. [22] use the square of the electric and the magnetic fields.

Here we will analyze the properties of the electric field modulus |E| as a function of the penetration
coordinate z obtained using an algorithm detailed in the PhD of Achlan [28, chapter 5] or in Cao et al.
[25, appendix C]). Under a local excitation, in the evanescent region the transmitted flux SÓ is expressed
in terms of the transmitted coefficients tppqn1 of a glass-Ti-Au-SiO2-Au-air stack (see third row of eq. (2)).
Thus, we will calculate the modulus of the electric field |E| of this stack excited by an electromagnetic
plane wave.

For a selection of in-plane wave vectors kρ{k0 of a stack with dSiO2=600 nm sustaining several WG
modes, figure 7 presents the modulus of the field amplitude |E| as a function of the penetration coordinate
z and of the photon energy:

• The first three panels of the figure present the electric field in the allowed region for kρ{k0 P r0.4, 0.9s.
The amplitude of the field is „3, the field modulus is mainly localized in the SiO2 layer and the
WG modes are easily identified having an increasing number of nodes. In air (z P r900, 1200s nm)
one sees a SPPair mode of low amplitude weakly coupling with the WG modes.

• The next four panels of the figure present the forbidden or evanescent region for kρ{k0 P r1.0, 1.105s.
Here the electric field of the SPPair mode is dominant in the gold layer and in air (z P r900, 1200s
nm) with an amplitude as high as 12. The mixed SPPair-WG modes of the avoided crossing is
clearly visible.

• In the last two panels of the figure corresponding to kρ{k0 ě 1.105 the intensity of the electric
field drops back down to „3 and the ratio |ESPPair |/|EWG| of the amplitudes falls continuously.
For a large in-plane wave vector kρ{k0 “ 1.405 only the low frequency WG mode has a significant
amplitude.

• In all the 3D graphs of figure 7 one identifies weak features of different shapes in the glass (z P r0, 300s
nm); these are probably a manifestation of the tail of the SPPglass mode that is otherwise forbidden
below kρ{k0=1.52.

Now let us discuss the coincidence of the position and strength of the avoided crossing at different
dSiO2 thicknesses identified in the preceding section. Recall that the SPPair mode is identical for the
two avoided crossings. Since it appears at smaller SiO2 thicknesses the WG1 mode has fewer ` nodes
and compensations of positive and negative contributions to the avoided crossing interaction than the
WG2 mode. Consequently, contrary to the observation, one would expect always a larger interaction in
WG1-SPPair avoided crossing than in WG2-SPPair one. Figure 7 shows that the electric field of the WG
modes is located in the SiO2 layer whereas that of the SPPair mode is located at the gold-air interface
and in air, i.e. in different regions of space. Consequently, the interaction takes place between the electric
fields tails of these modes in a small region of space in the neighborhood of the SiO2-Au interface. The
result is that the characteristics of the avoided crossing are nearly independent of the number of nodes of
a WG mode. This explains the observed behavior of the avoided crossing interaction as discussed in the
preceding section, i.e. similar positions and Rabi splittings for two avoided crossings located at different
SiO2 thicknesses.

To summarize, in agreement with the avoided crossing properties presented in figures 5 and 6 of the
preceding section and the behavior of the field function of z shown in figure 7 and discussed here, one
concludes that for the present thin film stack there is no one to one correspondence between the
energy position and Rabi splitting of the avoided crossing and the number of nodes ` of a WG mode or
of the SiO2 thickness. Hayashi et al. [33] have discussed the interaction of the SPP and WG fields tails
of a IMI1I2I3 stack with fixed geometrical parameters.
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3.4 Intensity enhancement of the modes

Figure 2 and the discussion in section 3.1 above showed that the maximum of the transmitted flux intensity
[SÓsmax (eq. (2)) oscillates between 2 and 8 10´6 for dSiO2 P[300,800] nm. For a curve with a given dAu
thickness, the two top panels of the first two columns of figure 8 present the absolute transmitted flux
[SÓsmax having a single maximum rSÓsmax «8 10´6 at about ~ω=1.75 eV. The maxima were obtained
relative to the SiO2 thickness and the in-plane wave vector kρ{k0.

Is this absolute transmitted flux strong or weak? A meaningful estimation of a possible enhancement
is obtained by calculating the ratio Iref where ref is either aAug or aSiO2g corresponding to three layer
stacks air-Au-glass or air-SiO2-glass (see details of Iref calculation in section 2.1, eq. (3)). The last two
rows of the first two columns of figure 8 show, at about 1.85 eV, an enhancement in the relative fluxes
as high as IaAug „12 and IaSiO2g „22. As for the absolute flux this maximum is relative to the SiO2

thickness and the in-plane wave vector kρ{k0.

Figure 8: Maxima of the absolute transmitted flux intensity rSÓsmax ˚ 106 (first row, eq. (2)) and of the
ratios of the fluxes of our MIM stack SÓ and a reference stack SÓref (second and third rows, eq.(3)). The
first two columns of the figure correspond to the intensity maximum obtained relative to the in-plane
wave vector kρ{k0 and thickness dSiO2 . The last two columns presenting EM-LDOS are obtained by
first integrating over the in-plane vector kρ{k0 then the EM-LDOS maximum is obtained relative to the
thickness of SiO2.

The last two columns of the figure present graphs related to the EM-LDOS. In this case the absolute
and relative fluxes were integrated over the in-plane wave vector kρ{k0 and the maximum flux was obtained
relative to the SiO2 thickness only. The rows correspond to the same fluxes [SÓsmax, IaAug and IaSiO2g
where the maxima appear at a frequency between 1.75 and 2 eV for an enhancement factor of between 2
and 2.5.

A similar estimation of the enhancement in the thin film MIM stack composed of air-Ag(40nm)-
MgF2(50nm)-Alq3(20nm)-MgF2(50nm)-Ag(200nm)-glass was used by Hayashi et al. [23]. Compared to
a silver free dielectric stack enhancements of about 25 or 2.5 were found respectively for a particular
measurement direction or an integrated over the ejection angle intensities.
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The origin of the enhancement in our MIM stack can be either a leaky SPP mode, briefly discussed in
section 2.2 above and in appendix A.1, or the avoided crossings between SPP and WG modes analyzed
in section 3.2 above:

• In section A.1 figures A-1 and A-2 present the dispersion curves at an air-Au interface in the complex
kρ{k0 and kz{k0 planes, respectively. The second row of these figures presents the leakage on the
proper/improper Riemann sheet function of Im[kρ{k0] and Im[kz{k0]. Below the SP resonance
frequency ωAu

sp =2.384 eV this leakage is extremely low and the leaky states can not be responsible
for the significant rise of the flux amplitude displayed in figure 8. At higher frequencies, in the QB
and RPP regions, the leaky character is pronounced but, as explained in sections 3.1 and B, in these
spectral regions the transmitted flux amplitude SÓ is extremely low.

• Sections 3.1 and 3.2 show that the SPPair-WGs modes avoided crossings occur in the region of the
observables enhancement presented in figure 8 and could be responsible for the rise of the amplitude
in the observables. In agreement with the amplitude rise in figure 8, between 1.4 and 2.0 eV figures
2 and B-2 show that the SPPair-WGs avoided crossings give rise to a transmitted flux amplitude
SÓ enhancement with the maximum as high as 8 10´6.

Figure 9: The first and second row of the figure present plots of the in-plane wave vector kρ{k0 and of
the thickness dSiO2 as a function of the energy.

• First row of figure 9 presents the values of the in-plane wave vector tkρ{k0umax as a function of the
laser frequency ω. The results are obtained using the transmitted flux maximum rSÓsmax shown in
the first two panels (left-side) of figure 8. For a gold thickness dAu ď35 nm (left panel) and dAu ą35
nm (right panel) the in-plane wave vector is tkρ{k0umax «1.03 and tkρ{k0umax «1.07 respectively.
These in-plane wave vector values are close to the position of the SPPair mode or to the location of
the SPPair-WG avoided crossing. As a result, the most probable origin of the enhancement are the
avoided crossings.

The panels of the second row of figure 9 display dSiO2/ω dependence of the Poynting vector intensity
maximum rSÓsmax of figure 8 above. Several sets of points close to each other form parallel curves with
similar slopes. A curve corresponds to a particular avoided crossing migrating from the high frequency
low SiO2 thickness to the low frequency high SiO2 thickness. Precisely, as labeled in the figure, the first
lowest two curves correspond to the avoided crossings SPPair-WG1 and SPPair-WG2 discussed in section
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3.2 above whereas the higher curves correspond to other avoided crossings appearing in the MIM stack.
As for the dispersion curves of the preceding sections, for rSÓsmax the presented curves are again the
signature of the multi valued relation between the thickness of the SiO2 and the properties (position,
Rabi splitting) of the SPPair-WG avoided crossing already discussed above.

4 Conclusion

The present theoretical study of a MIM asymmetric six layer air-Au-SiO2-Au-Ti-glass thin film stack was
motivated by an experimental and theoretical paper we have recently published (Cao et al. [25]) where
we have explored a reduced set of parameters of this stack. In this paper one covers a wider range of
SiO2 (dSiO2 P[0,800] nm) and Au (dAu P[0,60] nm) thicknesses, excitation frequencies (~ωpeVq P[0.7,4.3])
and in-plane wave vectors (kρ{k0 P[0,1.52]). To our knowledge such a study has not been performed up
to now. Our idea was to find sets of geometrical parameters and variables where the observables are
enhanced. If confirmed experimentally, these sets would permit the development of new applications:
sensors, plasmonic circuitry, wave guiding etc.

First, at least for this MIM stack, the region where the observables enhancement takes place is situated
below the SP resonance at ωsp=2.384 eV. To fulfill the constraints of an usual experiment the in-plane wave
vector is restricted to kρ{k0 ď1.52. Consequently only the SPPair but not the SPPglass will contribute to
the observable. Secondly, we showed that the enhancement in the observables is due to avoided crossings
of the plasmonic SPPair mode with several photonic WG modes located in the SiO2 dielectric and not
to the leaky character of the SPP mode which is extremely low. The enhancement of the transmitted
flux intensity of our MIM stack relative to an air-Au-glass or air-SiO2-glass reference stack is respectively
IaAug „12 times or IaSiO2g „22. When integrated over the light emission angle the enhancement of
the flux related to the EM-LDOS is respectively about 2 or 2.5 times larger than the reference stack.
Measuring the photoluminescience in an air-Ag-MgF2-Alq3-MgF2-Ag MIM stack Hayashi et al. [23] also
found a similar enhancements of 25 and 2.5 times relative to a stack without any metal whereas Yang et
al. [17] found a few percent enhancement in air-Au-SiO2-Al2O3-SiO2-Au-air compared to a stack with
only SiO2. Thirdly, the localization of the SPPair mode at the air-Au interface and in air and of the
WG mode in the SiO2 film gives rise to a SPPair-WG interaction between the respective electric field
tails. Consequently the avoided crossing position and Rabi splitting is weakly dependent on the number
of nodes ` of a WG mode or of the SiO2 thickness. Therefore the Rabi splitting can be large for WG
modes having several nodes ` or for stacks with a large SiO2 thickness. It results that the present MIM
stack is of versatile nature since at a given frequency several SiO2 thicknesses can generate enhancements
suitable for applications.

For particular a set of geometrical parameters, energies and in-plane wave vector projection, the results
presented in this work display an enhancement but no Fano resonance has been identified. This resonance,
having an extremely steep slope of interest in bio sensors, was invoked in avoided crossings implying IMI
(see introduction and refs. [33, 9]) or MIM stacks (see the introduction and refs. [36, 16]). These authors
showed that a Fano resonance appears in stacks with an excessively weak SPP-WG interaction. For our
stack this corresponds to large dSiO2 and dAu thicknesses and a low photon frequency. Since an extremely
small in-plane wave vector kρ{k0 mesh is needed to find such a feature it is possible that it has been
omitted in the present calculation. We hope to tackle this Fano resonance in a future work.

In the present paper a MIM stack based on gold was studied but, as stated in the introduction, the
majority of the literature uses silver [2, 31] or silver and gold [14]. Figures A-1 and A-2 show that at
metal-dielectric interfaces gold and silver have different dispersion curves. In gold the dispersion curves of
the SPPair and SPPglass modes are nearly parallel to the light lines. If one extends kρ{k0 beyond 1.52 of
our preceding experimental work (Cao et al. [25]) the qualitative behavior of the SPPair mode presented in
this work will probably not change. Studies beyond kρ{k0=1.52 are necessary to confirm this hypothesis.
The situation is different in the MIM stacks with silver since the SPPair and SPPglass dispersion curves
sweep and cross over the range of kρ{k0 from 0 to above 1.52. Would the SPPair-WGs avoided crossings
dispersion curves be qualitatively changed by the sweeping of the SPPglass mode? To answer this question
studies on silver MIM thin film stacks have to be performed in the extended range of the in-plane wave
vector kρ{k0 when covering the SPP, QB and RPP spectral regions. This will permit to have a global
view of the behavior of plasmonic metal thin film stacks.
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A Dispersion relations of modes in simple stacks

A.1 Plasmonic SPP mode dispersion at a single metal-dielectric interface

In this section we present the dispersion curves of two plasmonic Au-dielectric and Ag-dielectric interfaces.
The idea is to study the behavior of the Au-dielectric interface constituent of the studied six layer stack
in the main text and also to compare Au-dielectric and Ag-dielectric interfaces in order to obtain some
general trends of the most commonly used plasmonic metals.

Recall that at a single metal-dielectric interface plasmon polariton (PP) modes cover the SPP, QB
and RPP spectral regions defined in section 2.2 of the main text. At a single interface the dispersion
expressions of a PP mode are well documented (see e.g. Raether [45, appendix 1], Maier [1])

kppρ “ k0

c

εm εd
εm ` εd

“ Rerkppρ s ` i Imrk
pp
ρ s

Rerkppρ s “ k0

d

εd ε
r
m

εd ` εrm
Imrkppρ s “ ˘k0

εim
2pεrmq

2

ˆ

εrm εd
εrm ` εd

˙3{2

(A-1)

where kppρ is the in-plane wave vector projection (see figure 1, where the cylindrical frame in the coor-
dinate space is shown), k0 “ pω{cq the vacuum wave vector and εm and εd are the metal and dielectric
permittivities. The out-of-plane wave vector projection kz reads

kzi “ ˘
b

k2i ´ k
2
ρ, (A-2)

where i designates the layer of the out-of-plane projection. The above wave vector projections have
branch points of order 2 in the complex kρ and kzi ” kz planes (see e.g. Ishimaru [46, chap. 3]). These
planes are divided into two Riemann sheets: a proper/top sheet with Imrkρs ą 0 or Imrkzs ą 0 and an
improper/bottom sheet with Imrkρs ă 0 or Imrkzs ă 0.

Figure A-1: Dispersion of plasmon polariton (PP) modes (eq. (A-1)) at air/Me and glass/Me interfaces,
where Me=Au and Ag. The dispersion and leakage (proper Riemann sheet, abscissa Im[kρ{k0s ą 0) are
displayed in the first and second row of the figure. The vertical lines in the graphs of the first row are
the light lines. The horizontal dashed lines correspond to the SP resonance ωAu

sp =2.384 eV and ωAg
sp =

3.44 eV and to the RPP resonance ωAu
rpp=3.3715 eV and ωAg

rpp=4.8649 eV calculated using the experimental
material functions of Johnson and Christy [47].
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The first row of figure A-11 presents the dispersion of the PP mode at the air/Me and glass/Me
interfaces with Me=Au, Ag. The SPPair and SPPglass plasmonic modes appear slightly above the vertical
dielectric light lines at Re[kρ{k0 ” nair]=1.0 and Re[kρ{k0 ” nglass]=1.52. The dashed horizontal lines
in the figure give the energy position of the SP and the RPP resonances (the numerical values are given
in the figure caption). In gold the two PPAu

air and PPAu
glass modes closely follow the light lines whereas in

silver below the SP resonance the dispersion curves sweep over the entire range of Re[kρ{k0] and above
this resonance sweeps and crosses (first row left and right panels in the figure).

The second row of figure A-1 displays the leakage (proper Riemann sheet) of the PP mode. Two
regions can be distinguished: i) below the SP resonance ωsp Im[kρ{k0]ă 0.1 is small implying a low
attenuation/enhancement (proper/improper Riemann sheet) and ii) near and above ωsp an attenua-
tion/enhancement of the observable becomes significant.

Figure A-2: Dispersion of the out-of-plane wave vector projection kz (eq. (A-2) giving kz i) of a PP mode
at air/Me and glass/Me interfaces, where Me=Au and Ag. Same notations, abbreviations and material
functions as in figure A-1.

Figure A-2 presents the dispersion relation of the out-of-plane wave vector projection Rerkz{k0s (first
row) and the corresponding leakage/enhancement Imrkz{k0s on a proper/improper Riemann sheet (second
row). One notes a behavior similar to the in-plane wave vector graphs in figure A-1.

In conclusion, globally the in-plane and the out-of-plane wave vector projections in gold and silver
display similar behavior. However a closer inspection reveals that for the gold PPair and PPglass curves
closely follow the light lines whereas in silver they sweep over the abscissa at low frequencies and both
sweep and cross above. Would this difference influence the dispersion curves of a MIM Ag-I-Ag multilayer
thin film stack? Only detailed calculations of such silver stacks as the one performed here for gold can
answer this question.

A.2 Photonic WG modes dispersion in a three layers MIM stack

Let us discuss a simple planar MIM wave guide Au-SiO2-Au to model the WG modes of our MIM thin
film stack with θSiO2 the angle of the rays propagating in the guide measured from the normal to the wave

1In the textbooks on plasmons (see e.g. Maier [1]) one uses ω{kρ and ω{kz representation of the dispersion where the
coordinates are linearly dependent. Here one uses linearly independent ω{pkρ{k0q and ω{pkz{k0q representation common in
radio frequency (see e.g. Hanson and Yakovlev [48]).
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guide boundary (Saleh and Teich [43, fig. 7.2-1]). If the condition for real refractive indices nrAu ă nSiO2 is
satisfied, this Au-SiO2-Au stack will sustain WGmodes. Rays making an angle θ ą θc “ sin´1pnrAu{nSiO2q,
where θc is the critical angle of the total reflection, are guided in the SiO2 wave guide. Consider a

Figure A-3: Experimental refractive indices nrAu=Re[nAu] and κAu=Im[nAu] and the skin depth δ(nm)
of gold function of the laser frequency. The experimental material functions of Johnson and Christy [47]
and Yakubovski et al. [49] are shown.

Figure A-4: Dispersion of the modes of a Au-SiO2-Au stack for different ` solutions of eq. (A-3). Vertical
dashed line separates the allowed θ ă θc and the forbidden or evanescent θ ą θc regions. Two thickness
dSiO2=300 and 900 nm are shown.

simplified accumulated phase (APh) model (see e.g. Saleh and Teich [43, section 7.2]). The existence
condition of a mode requires that the accumulated phase at the boundary be modp2πq

2
ω

c
nSiO2 dSiO2 cos θSiO2 ´ 2ϕz “ 2π `; ` “ 0, 1, 2, . . . (A-3)

where ω, nSiO2 and dSiO2 are the vacuum angular frequency, the SiO2 refractive index and the thickness
of the SiO2 layer. An approximate expression of the phase change ϕz at the SiO2-Au interface is defined
in Saleh and Teich [43, eq. (6.2-11)]. Here this phase ϕz is calculated as the argument of the reflection
coefficient rppq of a ppq/TM polarized light

rppq “
nAu cos θSiO2 ´ nSiO2 cos θAu

nAu cos θSiO2 ` nSiO2 cos θAu
tanϕz “

Imprppqq

Reprppqq
, (A-4)

where nAu “ nrAu ` i κAu is the complex refractive index of gold. Now from eq. (A-3) one obtains the
incident angle θSiO2

θ `SiO2
“ cos´1

ˆ

c

ω

π `` ϕz
nSiO2 dSiO2

˙

` “ 0, 1, 2, . . . (A-5)

Since the angle θ `SiO2
and the phase ϕz are a function of each other, for each ` the angle θ`SiO2

is obtained
iteratively: (i) start by calculating zero order angle θ`SiO2

using eq. (A-5) with ϕz set to zero; (ii) calculate
ϕz using equations (A-4) with this angle θ`SiO2

; (iii) iterate to convergence.
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The in-plane wave vector k`ρ parallel to the interfaces needed in the dispersion calculations reads

k`ρ “
ω

c
nSiO2 sin θ `SiO2

. (A-6)

As stated in the beginning of this section, the appearance condition for the WG modes is nrAu ă nSiO2

(Saleh and Teich [43, sec. 7.2]). The refractive index of SiO2 oscillates between 1.45 and 1.52. Comparing
the real part of the refractive index of gold nrAu, given in the left panel of figure A-3, with nSiO2 one
sees that the WG appearance condition nrAu ă nSiO2 is fulfilled approximately in the energy region
~ωpeVq P r0.65, 2.5s.

Figure A-4 shows the WG mode dispersion curves for several ` at two SiO2 thicknesses, 300 and 900
nm. In the energy region of interest for our studies the number of modes per energy unit rises with the
increase in the SiO2 thickness and a particular WG mode energy position decrease when dSiO2 increases.
Moreover in the allowed region (kρ{k0 ă 1) the WG mode is nearly independent of the frequency ω
permitting a visual identification of the WG modes in the plots.

B Observables in the entire optical domain: SPP, QB and RPP regions

The top 3D representation of the reflectance R of a glass-Ti(3 nm)-Au-SiO2-Au-air thin film stack excited
by a source at infinity in the optical domain ~ωpeVq P r0.7 ´ 4.3s is presented in figure B-1. For this
observable the modes appear as minima in the reflectance (blue color in the graphics). In the same
spectral region, the results of the transmitted flux intensity SÓ of an air-Au-SiO2-Au-Ti-glass thin film
stack excited by an oscillating dipole ~p0z located a few nanometers above the surface are presented in
figure B-2 where the modes appear as maxima (blue and red colors).

The optical domain ~ωpeVq P r0.7´4.3s presented in figures B-1 and B-2 covers all the spectral regions
SPP, QB and RPP introduced in section 2.2 of the main text. The analysis of the these figures clearly
shows that above the frequency of the SP resonance at 2.384 eV:

• The reflectance R plateau falls from about 0.8 to 0.4 and the dip minimum in the reflectance is
extremely shallow giving rise to modes which are practically indistinguishable.

• The transmitted flux intensity SÓ maximum also falls and the mode becomes so weak that it is
difficult to identify. The first column of figure B-2 with dAu=15 nm and dSiO2 P[100,300] nm
displays a very luminous background of 0.5 intensity where the modes are difficult to identify.

In summary in the region above the SP resonance at 2.384 eV the amplitude of the modes in the ob-
servables is very weak and barely distinguishable from the background. Therefore these spectral domains
are excluded from our analysis in the main text where we restrict our study to a region slightly wider
than the SPP spectral region, namely ~ωpeVq P[0.7,2.8].
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glass-Ti(3 nm)-Au(dAu)-SiO2(dSiO2)-Au(dAu)-air

dSiO2
\ dAu 15 nm 25 nm 30 nm 35 nm 40 nm

2 nm

100 nm

200 nm

300 nm

400 nm

500 nm

600 nm

800 nm

Figure B-1: Top view of the 3D plots of the MIM thin film stack reflectance R eq. (1) in the frequency
region ~ωpeVq P r0.7, 4.3s and the in-plane wave vector kρ{k0 P r0, 1.52s. Rows and columns correspond
to the SiO2 and Au thicknesses respectively dSiO2 and dAu. The SPP, QB and RPP regions introduced
in section 2.2 can be identified.
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air-Au(dAu)-SiO2(dSiO2)-Au(dAu)-Ti(3 nm)-glass

dSiO2
\ dAu 15 nm 25 nm 30 nm 35 nm 40 nm

2 nm

100 nm

200 nm

300 nm

400 nm

500 nm

600 nm

800 nm

Figure B-2: Top view of the 3D plots of the MIM thin film stack transmitted flux intensity SÓ (eq.
(2), intensity multiplied by 106) in the frequency region ~ωpeVq P r0.7, 4.3s and the in-plane wave vector
kρ{k0 P r1, 1.52s. Same labeling as in figure B-1.
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