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The interplay between light and matter plays a crucial role in various applications, ranging from sensor
technologies to integrated optoelectronic architectures. In this contribution, a systematic numerical study
is made over the symmetry role of the 1D photonic structures (PhSs) containing a low number of slabs
embedded in thin metal layers, in order to find the adequate conditions to enhance the quality factor of
resonances and energy confinement in the subwavelength scale. We show the existence of single and double
Tamm plasmon polaritons (TPPs) states according to the symmetry of the PhS, which allow to tune weak and
strong coupling regimes with Metal-Insulator—-Metal (MIM) platforms combined in a unique MIM-PhS-MIM
structure. We found that while weak coupling is observable between MIM and PhS states at the PhS cavity
mode wavelengths, strong coupling among the 2 MIMs and the PhS is obtained only at the TPP resonance
wavelengths, exhibited by anti-crossing splittings at adequate insulator thicknesses. We found that for the
double Tamm plasmon polaritons, the energy splitting can reach up to 134 meV, unlike the single TPPs
where the maximum energy splitting is on the order of 50 meV. The degree of coupling was explained by the
implementation of a variational method that exploits the analogy the optical superlattice herein proposed and
an analogous superlattice quantum well. This article shows that TPP resonances are responsible for the coherent
coupling between the two MIMs placed at a long distance given by the PhSs. Thus, these platforms provide
an interesting and experimentally accessible route for the coupling of emitters in optoelectronic devices.

synthesis procedures as classical sol-gel derived oxides [11,16,17],

nanoparticles [18], or self-assembled polymers [19].
Metal-Insulator-Metal (MIM) 1D cavities have demonstrated to

be excellent candidates for EM field confinement and enhancement

1. Introduction

The possibility to concentrate light in confined photonic structures
leading to sub-wavelength localization of optical energy is a high-

interest research topic due from both a fundamental point of view [1-3]
and also for potential applications which include lasing [4], SERS
detection [5], photocatalysis [6], solar energy harvesting [7] or light-
driven therapies [8]. The basis of these light concentrators is the
design of resonant nanostructures which may include nanocavities as
Fabry-Pérot (FP) ethalons [9,10], Photonic Crystals (PhCs) [11,12],
Whispering Gallery Modes (WGMs) [13] or plasmon resonances as
Surface Plasmon Polaritons (SPPs) [14]. The design and synthesis of
these resonant and tunable nanostructures and their integration into
other structures might not be easy to achieve requiring sophisticated
equipment [15]. In this sense, the use of 1D stacked structures has the
advantage of reaching to interesting hybrid nanostructures with easier
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since they present strong, sharp, and tunable cavity resonances which
have been applied to diverse optical platforms, including electrically
modulated color filters [20], non-linear optics [21] and applied into
composed nanostructures creating hybrid systems. Caligiuri et al. [22]
have studied the resonant modes of MIM cavities showing an epsilon-
near-zero (ENZ) metamaterials behavior. Also they have shown the
coupling between stacked MIM [23] structures forming MIMIM mul-
ticavities which present either weak and strong coupling hybridization
modes which can lead to optical tunneling effects. Strong coupling has
been deeply studied in quantum systems and arise from the strong
interaction between two quantum states, it is observed whenever the
coupling strength exceeds the dissipation rates of the systems, leading
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to coherent phenomena. In the last years, strong coupling has also
been observed in many photonic and plasmonic nanostructures gen-
erally involving nanocavities [24] leading a path towards light-matter
interactions [25]. Zappone et al. [26] have shown experimentally weak
coupling hybridization in a Surface Force Apparatus (SFA) and also
proposed a semiclassical analysis of the splitting and coupling through
the use of the Rayleigh-Ritz variational method typically employed to
explain the hybridization in molecular quantum theory. The possibility
to achieve and control the hybridization of states in particular in the
strong coupling regime, also known as Rabi splitting, in plasmonics and
photonics platforms is of interest due to the possibility of modifying the
electromagnetic environment in the vicinity of an emitter [27]. SPPs,
which are electromagnetic surface states at the interface between a
metal and a dielectric, have been deeply studied and applied into many
hybrid platforms because of their aforementioned ability to concentrate
light at the dielectric with a characteristic exponential and rapid decay.
The tuning of the SPP state is not trivial, requiring couplers as a prism
or a diffraction grating for coupling the incident wave at a specific
angle and polarization. However, many interesting strong coupling
between SPPs and J-aggregates [28,29] or Quantum Dots [30] have
been fulfilled.

More recently, another type of surface state with interesting and
different characteristics is the Tamm Plasmon Polariton (TPP) which
has been was firstly introduced by Kaliteevski et al. [31] in analogy
to Tamm electron states [32]. TPPs appear at the interface of a metal
thin slab with a 1D PhC, whenever the adequate impedance condition is
fulfilled which restrings the appearance of TPP when the high refractive
index material of the 1D PhC is next to the metal slab. Unlike SPP
modes, TPP modes do not have specific requirements over angle of
incidence, or polarization and fundamentally, do not need to be excited
by using couplers. Due to the impedance conditions, the TPP resonance
peak appears inside the band-gap of the PhC, and its sharpness is
favored when high index of refraction contrast is available between
the materials of the PhC slabs and also it increases with the number
of unit cells of the PhC. These characteristics make TPP platforms
promising for various optical applications as Tamm lasing [33], gas
sensors [34,35] among others light-matter devices [36]. TPPs have
also been applied to the design of hybrid platforms that exhibit strong
coupling resonant modes interactions when it is combined with other
cavities or defects included in the PhC [24,37]. It is important to
denote that many of the designed platforms used to optimize the optical
response or to obtain large Rabi splitting require a great number of
layers or involve difficult deposition techniques.

Some experimental deposition techniques make it possible to syn-
thesize in simple and fast synthesis procedures many useful devices, but
typically do not allow the deposition of a high numberof slabs [11,35]
what goes in detriment of the TPP sharpness. In this work, we numeri-
cally investigate how the symmetry order of the slabs that compose the
photonic structure (PhS) improves the sharpness and the quality of the
TPP resonance when the PhS has a low number of layers taking into
consideration feasible experimental devices that could be fulfilled for
example by Sol-Gel synthesis [34,35]. The TPP resonances when the
PhS is embedded within 2 thin metal slabs, forming a PhS-FP cavity,
are also detailed. In particular, we focus on two complementary aspects
of TPP, one oriented to sensing applications, analyzing the sensibility
and sharpness of the resonance for dense and porous structures and the
other one, studying the localization and concentration of the electric
field towards the use of these platforms as electromagnetic (EM) energy
harvesters for photoactive nanoentities. In the second section of this
manuscript, we take advantage of the symmetry analyzed and design
hybrid MIM-PhS-MIM platforms to obtain a strong interplay between
MIM states at the TPP resonant modes. We demonstrate that even
with low number of layers, the symmetry of the PhS structure defines
the characteristics of the Tamm resonant mode and regulates the Rabi
splittings spectral responses. Finally, we propose an extension of the
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Fig. 1. Schemes of the 1D multilayer photonic structures M-PhC-M used in this work.
The stack starts with a metal (Ag, gray) thin layer, which is followed by multilayer
composed by two dielectrics with a low (blue) and high (red) refractive index, and
finishes with another metal (Ag, gray) thin layer. (a) An anti-symmetric photonic
structure, which contains an even number of layers and the first and last dielectric are
not the same. (b) A symmetric photonic structure, which contains an odd number of
layers and the first and last dielectric are the same. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

quantum analogy proposed by Zappone et al. to shade light on the
phenomenology involved in the strong coupling regimes.

2. Structure design and simulation framework

A graphical illustration of the studied multilayered structure is
depicted in Fig. 1. Multilayer composite is stacked in z-direction. It
starts and finishes with a metal thin layer of variable thickness, namely
dy, and dy, respectively. Within the metal layers, there is a PhS
compose by alternating dielectrics, A and B slabs of thickness d, and
dp. Fig. 1(a) shows an anti-symmetric structure while Fig. 1(b) adds an
extra layer defining a symmetric photonic structure. For simulations,
the two selected dielectrics have been SiO, and TiO, that have excellent
optical response with no significant dissipation losses in the [400-2000]
nm range with an adequate refractive index contrast between layer of
the unit cell for a clear band-gap as already seen experimentally by the
group using the sol-gel technique [11]. In all cases, SiO, corresponds to
the low (L) refractive-index layer while TiO, is the high (H) refractive-
index layer. Ag has been taken as metal thin layer at the beginning or
end of the composed structure. Multilayers will be denoted as (AB),
for anti-symmetric structures of n bilayers while (AB),A will refer to
symmetric structures composed of n AB bilayers that finish with a final
A layer. When the structure initiates or finishes with a metal thin layer
a M will be added to the structure. For instance a M-(AB);-M will
refer to a structure that initiates with a metal thin film, then follows
with an anti-symmetric structure of 3 AB bilayers and finishes with
another metal thin film. Refractive index data employed in this work
correspond to the well-known reference of Johnson and Christy [38] for
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Fig. 2. Reflectance spectra simulated for several M-PhS-M structures (blue line) and |E|* distribution at some resonances. In dashed gray line, the reflectance spectra of isolated
photonic structure, without metal layers, is plotted. (a) (LH);-M structure. (b) (HL),H-M structure. (c) M-(LH);-M structure. (d) M-(HL);-M structure. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

the Ag film while SiO, and TiO, refractive indexes have been nominally
taken from [39,40] respectively considering in all three materials their
dispersive character. In all studied cases, dielectric thicknesses were
taken as d4 = dg = 100 nm.

Transfer Matrix (T-Matrix) method has been adopted to simulate
the optical response of the photonic devices and their corresponding
EM density field distributions. As Eq. (1) shows, this method allows
to relate plane wave amplitudes at jth layer at the z; interface to the
amplitudes of the (j — 1)th layer at the same z;, using 2 x 2 transfer
matrices M;(z;) and M;_;(z;). A complete description of the T-Matrix
method considerations is found in many Refs. [11,41]. Following this
procedure to all layers, it is possible to associate transmitted and re-
flected plane wave amplitudes with the incident ones through a unique
transfer matrix M that includes all the layers material information (e.g.:
refractive indexes, thicknesses, propagation angles). In particular, in
this work plane wave propagation is defined in normal incidence 6 = 0°
and a time dependence of ¢/ has been considered. T-matrix method
has been implemented in a Python program developed in the group,
using standard scientific modules as numpy, scipy and pandas.

(3) = (37
=[M;(z)1™" M;_(z))

-1 Ainc (l)
...... [My(2)]™ M (2) 7 ) =
=M <Ainc>
Binc
This method allows to define the reflectance R as
Binc 2 MZ] 2
wo=[ael =l @

EM fields at each layer are calculated using the amplitudes A;, B;
at each j layer.

3. Results and discussion
3.1. M-PhS-M structures

MIM structures can act as Fabry—Pérot resonator structures present-
ing characteristic valleys as a consequence of the multi-beam inter-
ference in the cavity which modulates reflectance and transmittance
spectra of the structure. Fig. 1-ESI shows the |E|> for a 600 nm SiO,
film in between two Ag films of thickness dy; = dy;, = dp = 25 nm,
where it is possible to observe the reflectance spectra that for A =
949;636;481 nm exhibits resonances where constructive interference
condition is fulfilled. For each one of these wavelengths a clear confine-
ment of the |E|? field distribution inside the cavity is observed. In [22],
a quantum analogy through electronic orbitals is made to understand
the electromagnetic (EM) field distribution inside the insulator layer
distinguishing symmetric and anti-symmetric states in a quantum well
but it is also possible to interpret these results via a mechanical analogy:
the field shown in the insets of Figure 1-ESI resembles the oscillation
modes of transverse standing waves in a string with both extremes
fixed, where is possible to clearly distinguish resonance wavelengths
as cavity modes at 4,, = 2nd*/m where n is the refractive index of the
insulator and m = 1,2, ... is an integer that numbers the modes. The
thickness d* = dg;o, +2d,, is defined as the total real thickness of the
SiO, film plus d, which corresponds to the penetration depth of the
wave in the metal layer, being d, ~ 23 nm for Ag in the optical range. In
this resemblance, for example, 1 = 949 nm corresponds to cavity mode
m = 2 where it is easy to denote the node at the center of the SiO, slab.
Analogously, it is possible to study the IM (insulator—metal) case of the
same film onto only one metal Ag thin layer of d,,, =25 nm thickness
(dy = 0 nm). Reflectance spectra for this case (Fig. 2-ESI) shows the
expected classic interference oscillations while |E|? field denotes less
confinement. Following the string analogy, the |E|* field distribution
can be associated with standing waves with open-fixed extremes where
a maximum of the transversal string displacement is found at the open
extreme. The Air-SiO, interface acts as the open extreme, since for each
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Table 1

Lorenztian parameters table.
Structure Fig A A (nm) 7o(nm) 0, 1B e |
(LH);-M 2a 0.53 908 72.7 6.7 8.10
(HL),H-M 2b 0.67 894 49.7 12.1 10.14
M-(LH);-M 2c 0.36 884 11.0 28.5 4.9
M-(HL);-M 2d 0.65 884 11.7 48.7 40.60
M-(HL),H-M 3a 0.98 821 13.1 67.5 10.82

resonance wavelength the |E|? field exhibits a maximum. Resonances
positions are observable in the plotted range at A,, = 4nd/Q2m — 1),
where for this case m is the integer of each mode and d = dsio, +d,.
From |E|? field distributions is it easy to confirm that confinement is
better achieved for fixed-fixed extremes than at open-fixed ones.

1D photonic crystals correspond to periodic asymmetric multilayer
PhSs with well-known band-gap responses where high reflectance is
obtained. Symmetric PhSs present similar optical response exhibiting
small shifts in the band gap characteristics compared to the asymmetric
case. For the four PhSs cases to be studied in Fig. 2(a) to (d), dotted
light gray lines represent the reflectance of corresponding PhS. In all
cases, it is possible to observe the presence of a first band-gap at
Apg ~ 821 nm and the second one near 395 nm. In Fig. 2(a) it is shown in
blue solid line the reflectance spectra of the (LH);-M structure. A clear
valley is observable at (908 +35) nm due to the existence of a localized
Tamm plasmon polariton mode inside of the band-gap. The localized
mode is observed in the |E|? intensity distribution where the field is
clearly concentrated in the high-refractive index layer, TiO,, next to the
metal slab as already described elsewhere [31,42,43]. Fig. 2(b) shows
the optical response but for a symmetric (HL),H photonic structure
followed by the metal layer ((HL),H-M structure). It is interesting to
note that the reflectance response at the valley is almost located at
the same wavelength, but exhibits a clearly higher resonance valley.
Adding symmetry to the structure results into a more bounded interval
of incidence wavelenghts for the |E|? field as it is possible to observe in
the localized mode. It is interesting to note, that in both Figs. 2(a) and
(b), it is possible to observe a maxima of the |E|? field at the boundary
of the photonic structure with air, in complete analogy with the IM
open-fixed extremes and with the corresponding string standing waves
described above. In particular, the open extreme is better defined for
the (HL),H structure (Fig. 2(b)) due to the symmetry of the multilayer
structure, giving rise to better resonance and confinement.

As discussed for Figs. 1 and 1-ESI, another strategy to increment to
localization factor is shown in Fig. 2(c) where the same anti-symmetric
multilayer structure of Fig. 2(a) is considered but the metal layer is
not only included at the final of the structure but also at the beggining
of it. For this case, fixed-fixed cavity modes clearly appear and Tamm
resonance has a weaker valley but the localization in the wavelength of
the |E|? field is clearly enhanced at the high refractive index layer next
to the top metal layer due to the two metal layers (fixed-fixed extremes).
Moreover, Fig. 2(d) corresponds to the same combination of layers of
Fig. 2(c) but with an inversion of order, being consequently the TiO,
layer as the first layer of the structure in contact with the first metal
layer. This case shows the same band gap structure of the multilayer
as cases (a) and (c) but a clear sharper valley with an high increase in
the |E|? field confinement of 11 nm width is exhibited.

The spectral response of Tamm resonances is compatible to photonic
resonances which clearly show an inverse Lorentzian lineshape as the
one given by Eq. (3).

foy=B-A—1 ®)

()

where A = % represents the amplitude of the Lorentzian function
0

with A the area under the peak and B is the parameter that inverts the
Lorentzian function. 4 is the peak position of the Lorentzian function,
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Table 2
Sensibility S, Figure of Merit FOM and Q, for the same studied PhS in Fig. 2 and 4
but considering mesoporous materials of 30%.

Structure S (nm-RIU1) FOM (RIU™) 0,
(LPHP);-M 131 1.14 4.2
(HPL?),H?-M 112 1.68 10.9
M-(LPH?);-M 114 9.75 28.1
M-(H’L?);-M 114 10.0 44.1
M-(HL?),H’-M 97 7.32 50.0

while y, is the scale parameter that specifies the full-width at half-
maximum (FWHM). Each one of the Tamm resonances studied in Fig. 2
have been adjusted by the proposed function, in Fig. 4-ESI an example
of one of them is exhibited showing an excellent fitting (R* ~ 0.99
for all cases). Fitting parameters are specified in Table 1 (in all cases
B ~ 1) with which the quality factor 0, = 2% has been calculated and
informed in the last but one column of Tabyloe 1. The proposed quality
factor allows the comparison of the structures among them as potential
filter signals. Absolute |E,,,, |* values are exhibited in the last column of
Table 1. It is possible to deduce that although A, and y, are analogous as
expected for structures M-(LH);-M and M-(HL);-M, the last but one row
shows higher O, factor and higher |E,,, |*, what makes this particular
combination of stacks a potential good structure for its use as filter
sensor and as an excellent platform for the inclusion of photoactive
nanoentities in the TiO, layer.

To deepen into the potential use of these structures as sensors,
the same 4 structures of Fig. 2 have been studied but considering
mesoporous layers of 30% of porosity each. The porosity used in this
section was chosen considering mean values of parameters already
reported mesoporous PhCs synthesized by sol-gel methods [11,44,45].
These layers are now identified as L? and H?, for which their effective
refractive index n,,, is a mixture of the refractive index of the matrix
SiO, or TiO, respectively, and of the inhomogeneities whose refractive
index is n;,,. In all cases, n,,, has been calculated using the Maxwell-
Garnett approximation [46]. The mentioned porosity allows us to
evaluate the performance of the devices according to parameters as the
Sensibility S = 44/4An where A4 and 4n refer to the wavelength shift
due to the refractive index change and the Figure Of Merit FOM =
S/FWHM. Q, for these porous systems has also been included for
completeness of the study. In Table 2 it is possible to observe that
the sensibility .S of all the studied PhS is similar within a margin of
10%, being the classical Tamm structure the one of higher .S due to
the impedance conditions. However, when a shift occurs, it is also
important to study the FOM since the resonance FWHM (represented
by y,) allows to better distinguish the shift as a consequence of the
better separation between valleys/peaks. In Table 2 it is possible to
observe that the PhS that are embedded in two metals have a FOM
nearly 10 times higher than PhSs with just one metal layer and that
the O, for these PhS is also the higher ones as already observed in
Table 1. In particular, Fig. 3 exhibits the resonance shifts for the same
(LPHP); substructure embedded in 1 or 2 metal layers. It is possible to
observe a clear difference in the resonance FWHM. Also, it is possible
to observe that the color change in the visible range according to the
shifts in (L?H?);-M due to the increment of n,,;, does vary significantly.
Contrary, the M-(L?HP);-M in Fig. 3(b) shows a noticeable color change
when n;,, changes from 1 to 2. The color simulation has been made
following a CIE 1931 standard with D65 illuminant, using a home-made
Python software developed in the group. The color corresponds to the
transmittance spectra obtained for each structure.

In Fig. 4(a), both strategies for enhancement used for the studied
cases of Fig. Fig. 2 were considered: symmetry of the multilayer struc-
ture and inclusion of both metal thin film endings. Thus, the same
symmetric structure (HL),H of Fig. 2b was studied embedded in two
metal slabs (d M, = dy, =25 nm) forming the M-(HL),H-M PhS. An
analogue of this symmetric structure is analyzed by Durach et al. [47],
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Fig. 3. Reflectance spectra for (a) (L’H?);-M system and (b) M-(L’H?);-M system. In
both cases, the response of systems with 30% porosity is showed as a function of the
refractive index of the inhomogeneity, n,,,. Also, the simulated color by transmittance
is showed in each case.

where they describe the connection between cavity modes and TPPs in
a system M-(HL),qH-M. In our case, we observe that Q, reaches the
highest value among all the studied structures for the Tamm resonance
which changes its position to 4 = 821 nm which corresponds exactly
to the center of the band gap of the photonic structure. However, this
case shows an important decay of the |E,, |* value as it is shown
in the last row of Table 1. Unlike all |E,,,|* field distributions of all
cases of Fig. 2, where it was possible to distinguish an intensification
of the EM field at the TiO, layer next to the metal slab (whether the
structure had one or two metal slabs) in what can be identified as a
single Tamm, for the M-(HL),H-M structure it is possible to observe
a double intensification of the field in both TiO, layers next to each
metal slab at the beginning and at the end of the structure. This field
spread over all layers is the reason why it is not possible to concentrate
to such high values the |E|?, but denotes the presence of a double
Tamm plasmon polariton. The field distribution resembles a Hermite
function of order 2 which is in complete accordance to the cavity mode
3 expected for this type of structure. This result is confirmed in Fig. 3-
ESI where the simulation of the same structure but for 11 layers was
fulfilled observing the same tendency (Hermite function of order 5).
It is important to denote that the terminology double Tamm does not
infer the co-existence of two states but implies the characteristic Tamm
intensification to both sides of the structure which will be of importance
in the next section of this work. Results exhibited in Fig. 4(a), let us
conclude that the sum of both conditions does not resume in a better
platform for field confinement and Q, at the same time. Fig. 4(b)
shows the evaluation of the |E,,|? and Q, values as the thickness of
one of the metal thin layers is modified. Evaluating d m, = [0-50] nm
allows modifying at the same time symmetry and confinement due to
metal extremes. The evolution of O, shows clearly that increasing the
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Tamm resonance.

symmetry of the whole structure by increasing the metal slab thickness,
the Tamm resonance at the reflectance spectra shows a better signal to
be used in sensor applications [34,35] reaching a maximum value for
dy, = 30 nm which is not the symmetrical value expected, probably
due to the incidence direction. However, this value does not coincide
with the confinement of the localized mode. Confinement for d), <
25 nm is located in the TiO, layer immediately before the last metal
layer, for values d);, > 30 nm confinement changes to the TiO, layer
immediately after the first metal layer but |E,,.|* value diminishes
with the increment of d), due to the increasing absorption of the metal
layers.

3.2. MIM-PhS-MIM: Coupling modes due to symmetry

Coupling modes are obtained through the strategical combination of
nanostructures. A hybrid 1D multilayered structure that combines the
already analyzed M-PhS-M structures embedded in 2 MIM substructures
result as an interesting potential platforms to couple modes in the sub-
wavelength scale. Fig. 5 is a scheme for the MIM-PhS-MIM structures to
be studied, where a MIM cavity is added before and after to any of the
PhSs described in Fig. 2(c) and (d) and in Fig. 4. The central insulator
in each MIM is SiO, of thickness d;.

Fig. 6 shows 2D maps of hybrid MIM-PhS-MIM reflectance for
thickness d; = [0-1000] nm as a function of wavelength. Each one of
the 4 subplots shows the optical response of the different PhS analyzed
in the previous section. The four Ag metal layers thickness involved in
the simulation are dy, = 12.5 nm with x = 1,2. So, the case d; = 0 nm
for which 2dy, = 25 nm retrieves the metal layer thickness and the
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Fig. 5. Scheme of hybrid MIM-PhC-MIM photonic structures used in this work. The
central PhC can be symmetric or anti-symmetric and the central dielectric material at
each MIM substructure was the low index material (SiO, in our case) at all studied
cases.

spectra of cases in Figs. 2(c), (d) and 4. In all cases, as d; increases
it is possible to observe the presence of reflectance branches. On one
side, straight lines of increasing slope covering all wavelengths as d,
increases correspond to MIM cavity modes denoted in Fig. 6 as MIM
branches. On another side, vertical quasi-continuous lines correspond
to PhS cavity modes (CM) indicated in the figure as CM branches.
These two branches combine and mix in several regions of the 2D map
according to the electromagnetic response of the hybrid nanostructure.
It is important to note that the presence of single or double Tamm
plasmon polaritons modify significantly the expected behavior of the
combination between the two types of states, as we shall see later.

In Fig. 6a, the M-(HL),H-M symmetric PhS analyzed in Fig. 4
has been embedded in the hybrid structure. For d; = 0 nm at 4 =
2092;1114;821 nm, it is possible to observe the three first CMs. The
last two of this CMs have been already seen in Fig. 4. For the first
cavity mode at 4 = 2092 nm, for d; ~ 650 nm a clear interaction
between the cavity mode and the MIM 1 branch is observable. This

TAMM 2
Branch

TAMM 1
Branch

(a)

d; (nm)

1250
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interaction can be described analogously to the three-cavity resonator
(2 MIM and the PhS) studied by Zappone et al. [26] which has been
interestingly associated to quantum eigenstates of three quantum wells
where the overlap of wavefunctions is not negligible. This overlap is
namely allowed through the thickness of the metal layers selected to
fulfill the condition dy, < d,, where d,, is the penetration depth of the
EM wave in the metal layer. So it is possible to define that the cavity
states couple in a triplet state with bonding, and antibonding states
symmetrically distributed. In Fig. 6a, this behavior repeats for the 4th
PhS cavity mode at 4 = 600 nm and d; ~ 100 nm where it is also possible
to observe that the same effect occurs for higher d; thicknesses which
excite higher orders of the MIMs cavity states.

For the case of the third PhS state, the one that has been studied
in Fig. 4 denoting the existence of the double Tamm behavior, it can
be seen that when d; < 100 nm, the Tamm state is barely perturbed
by the presence of MIMs. However, a different behavior is observable
for 100 nm < d; < 400 nm, it is possible to observe a strong cou-
pling behavior, giving place to a Rabi splitting around d; = dzg =
260 nm. In the vicinity of dpg, 4 photonic states appear due to the
rupture of degeneracy of MIM branch at the start and end of the MIM-
PhS-MIM structure. The energy difference AEgg at the anti-crossing
splitting at dgg can be defined from Aigzy = A’;ﬁh - Aggg as AEgg =
heAdgs /(208" 10wy, For Fig. 6(a), AEgs ~ 134 meV which is higher
than for other optical hybrid structures [37] described in literature.
It is interesting to note that this large anti-crossing splitting appears
at the Tamm wavelength and not at other cavity modes. Congruently,
a second anti-crossing splitting is also found at 4 = 443 nm (d; =
drs = 95 nm) which corresponds to the second order of the Tamm
state located inside the second photonic band gap, denoted as Tamm 2
branch in Fig. 6.

Reflectance of MIM-PhS-MIM with asymmetric PhSs are showed in
Fig. 6(b) and Fig. 6(c) centered at the splitting region. In this cases,
M-PhS-M substructures can sustain a single Tamm where the |E,,|*
is localized mainly at the last TiO, layer (in the case (LH)3) or in the
first TiO, layer (in the case (HL)3) as it was already shown in Fig. 2(c)

MIM-(HL),H-MIM

o
w
Reflectance

1500 1750 2500

Wavelength (nm)

0 Y.

100 100
600 800 1000 1200 1400 600 800

Wavelength (nm)

MIM-(LH),-MIM

Wavelength (nm)
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100
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Fig. 6. Reflectance spectra of several MIM-PhC-MIM hybrid structures, as a function of the thickness of the central MIM insulator (d;, I = SiO,). (a) MIM-(HL),H-MIM (b)
MIM-(HL);-MIM () MIM-(LH);-MIM (d) MIM-(LH),L-MIM. In (a), (b) and (c) A4y is indicated.
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Fig. 7. (a) Optical potential used in the variational model. (b) Contribution to several
eigenstates in the MIM-(HL),H-MIM hybrid structure, calculated using variational
method. Cavity modes of MIM and PhC are used as basis of the calculation, by the use of
Hermite functions centered in the MIM and PhC substructures. Each pie plot represent
the contribution of each cavity state at this point. (¢) 4Eg calculated according to the
variational method as a function of a. (see eq. Eq. (5))

and (d). The general features described for the symmetric MIM-(HL),H-
MIM structure are maintained. The position of the crossing between
Tamm and MIM branches occurs at dp; = 310 nm exhibiting an
energy difference of AEgg ~ 47 meV at the hybridization anticrossing
splitting, significantly lower respect to the one corresponding to the
MIM-(HL),H-MIM structure analyzed in Fig. 6(a). This result evidences
the fact that at the symmetric MIM-(HL),H-MIM the double Tamm is
responsible for the wider Rabi splitting.

Finally by mean of completeness, the symmetric MIM-(LH),L-MIM
structure is considered in Fig. 6d which cannot support Tamm states.
Due to this condition, there is no rupture in the degeneracy of MIM
cavity modes by the effect of crossing with PhS modes.

3.3. Variational method applied to MIM-PhC-MIM hybrid structures

A semi-quantitative Rayleigh-Ritz variational method [48] has been
implemented to interpret the strong coupling of the optical modes that
arise in the MIM-PhS-MIM structures described in the previous section.
This type of analysis has been used before by Zappone et al. [26]
applied to (MI)3M structures of several thicknesses. The model is
based in the analogy between the Schrédinger and the Helmholtz
equations,[22,26] given the optical Hamiltonian:

7= L @
H=—+V(z

) (2)
where V(z) = kyln(z) — ik(z)]* is the optical potential of the system,
n(z) and k(z) are the real and imaginary part of the refractive index
of the system, respectively, and k, = 2z/4, is the wavevector in the
vacuum. In Fig. 7a, the optical potential V(z)/k, is shown for the
M-(HL),H-M hybrid structure which is the one selected to show the
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analogy and understand the hybridization since it is the case identified
of maxima splitting. In order to use the variational method, we need
to conserve the hermeticity of the optical Hamiltonian. It is proved
by Caliuguri et al. [22] that this condition is fulfilled if n(z) > k(z)
or n(z) < k(z) at each z. In the case of Ag, this happens at 4 >
390 nm, when the imaginary part of the refractive index dominates its
behavior. In the case of SiO, and TiO,, the absorption is negligible at
the considered wavelengths, and it is possible to take only the real part
of its refractive index. The model is used to calculate the eigenstates
for the MIM-PhS-MIM system as linear combinations of optical cavity
modes, for both MIM and M-PhS-M substructures. The selected basis
functions described in Eq. (5) are the normalized Hermite functions
centered at each substructure which represent the electric field E at the
cavity modes wavelengths of each substructure accordingly to what has
been described for the field distribution in Fig. 4. The first 5 Hermite
functions ¢Z°(z) and [q&f;o(z)]2 are shown in Fig. 5-ESI as an example.

—1/4
3 / \/Ee—az(z—z[))z
1/24q!

where g is the order of the Hermite function, « is the decay parameter
of the function, z is the center of the cavity and H (%) is the Hermite
polynomial of order p.

For MIM-PhS-MIM structures, the electric field E at all wavelenghts
can be approximated as linear combination of the eigenstates as de-
scribed by Eq. (6):

2 (2) = P H,(a(z - z)) 5)

o MIM MIM arns
PhS | 4+ PhS
lwy= D Mg My + Y S|P )+
i=0 i=0

(6)

AM 1M,
MIM: MIM:
+ ) M,
i=0

where |y ) is be the representation of the real electric field of the system
in a given hybrid state. |¢>IMIM‘) and |¢[M’M2) is the identification for
the first MIM before the PhS and for the MIM at the end of the whole
structure respectively. gy ;p, > dpps @nd gppy, are the maximum order
of the cavity modes in our systems, for each one of the MIMs and the
PhS, while ciM[M‘ , ¢PhS and c[M]M2 are the expansion coefficients that
correspond to each basis function which will represent the contribution
weight of each mode to compose the E. These expansion coefficients

and the eigenenergies are calculated solving the secular determinant:
det(H- ES) =0. 7

where H is the energy matrix with elements H;; = ((I)[IFI [¢;) and S is
the overlap matrix, with elements S;; = (¢;|¢;). The equation system
was solved using numerical methods, using a Python program, using
the standard numpy and scipy modules.

In order to account for the main features of the 2D reflectance
spectra of Fig. 6a, we have proposed qp;p, = dprim, =3 and gpjec =5
as the maxima number of Hermite functions at each substructure. The
refractive indexes used for the optical potential where ny,;, = 1, ny, =
6.37i, ngjo, = 1.45 and nyyo, = 2.33, which correspond to the values at
A =900 nm.

Fig. 7 shows the eigenenergies obtained with the variational model
for the MIM-(HL),H-MIM hybrid structure, and the relative contribu-
tion of several basis functions at some points of the diagram. This
contribution is calculated as |c,~|2 /> |c,~|2, for each cavity mode used
in the expansion. The proposed model shows the 2D reflectance plot
calculated solving Eq. (7) in excellent accordance to what was obtained
in Fig. 6a explicitly showing its principal splitting around dz g ~ 260 nm.

This model permits to identify that the third and the fourth PhS
cavity modes are the principal components of the third and fourth
cavity modes as expected. Analogously, the MIM cavity modes act
as the principal components of the branch that extends diagonally,
i.e. from (4,d;) = (600 nm, 150 nm) to (4,d;) = (1400 nm,420 nm). This
branch correspond to the first MIM cavity mode of both |¢:WM‘) and
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|q.'>i\“M2 ). For A > 1250 nm, both MIM states are degenerated sharing the
same eigenenergies, and correspond to the states |¢?“M‘) + |¢{WM2>.
These states do not interact between them by the existence of the PhS
structure in the center of MIM-PhS-MIM system, causing the mentioned
degeneracy. The same behavior is observable in the case of the second
cavity modes of both MIMs, which appear in the branch that extends
between (4, d;) = (600 nm, 380 nm) to (4,d;) = (750 nm, 500 nm).

As depicted in Fig. 6a, between d; = 150 nm and d; = 350 nm, the
hybridization due to the strong coupling takes place due to the inter-
action of the first cavity modes of both MIMs and the third and fourth
cavity modes of the PhS, which are mainly the components observable
of the splitting. In particular, not only the first MIM states contribute
to the states close to the vertical branches but also higher orders of
MIM states showing a clear interaction of states to the splitting. It is
also clear that the rupture of the degeneracy of the MIM cavity modes
at the center of the anticrossing is mainly caused by the interaction of
these states with PhS cavity modes, contributing with around a ~20%
to the hybrid states.

To obtain though the proposed model the 2D map of Fig. 6a, it
was also necessary to define adequate values for the a parameter.
The variation of this parameter denotes the degree of leakage of the
proposed basis Hermite functions of each substructure in the other
substructure. For high values of «, the function is more constrained to
its respective substructure, while for low values, the function extends
into the next substructure. Thus, the inverse of the « parameter is
linear to the penetration distance of each substructure. Defining the
proper value of « defines the type of splitting expected as shown in
Fig. 7c where for values a > 4 nm~!, no coupling is expected, while for
the interval [3.6-4] nm~! a weak splitting can be observed similar to
the one corresponding to Fig. 6d. For lower values than 3.6 a strong
coupling is observable. In particular, to define a RS of the order of the
one observed in Fig. 6a, a should be in [3.1-3.3] nm~!. However, if we
expect to re obtain the RS of the anti-symmetric structures of Fig. 6¢
and d, « ~ 3.6 nm™'.

The a parameter analysis confirms that there is a clear difference
between the single and the double Tamm plasmon polariton behavior
which denotes interplay with the MIM structures and consequently the
strength of the anticrossing splitting.

4. Conclusions

In this work, we have shown how TPP resonances and electromag-
netic field enhancement is modified according to the symmetry of a 1D
photonic structure (PhS) which is embedded within the two metal slabs.
The PhSs selected for this work were designed to include a low number
of slabs that are representative of feasible experimental structures.
Thus, we showed that symmetry control PhSs with bulk materials or
with porous ones is a determinant factor in obtaining high-quality
factor, good FOMs, and energy confinement in relation to the classical
Tamm resonators. The increment in the quality factor goes up to 10
times higher for the M-(HL),H-M structure which implies at the same
time a better spectral localization. For this case, the electromagnetic
field enhancement shows almost no increment compared in contrast
to the M-(HL);-M structure which increases up to 40 times the energy
confinement in the dielectric with high refractive index with respect to
the incident intensity. The great difference of energy confinement in
both structures is due to the distribution of the electromagnetic field
all along the photonic structure due to the existence of a double Tamm
state as a consequence of the chosen symmetry. With the existence of
single and double Tamm states, we were able to explain the coupling
between two MIM structures at the beginning and at the end of the
PhS. Clear hybrid TPP-MIM optical states were observable, where it
was possible to define that strong coupling appears where Tamm
states are available. In particular, the hybridization due to the strong
coupling is higher for the double Tamm state in comparison with the
single Tamm state. To understand the results a variational method
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was implemented to these structures which allowed us to confirm that
the mode components of each structure are crossed at each branch
of the hybrid structure, especially at the splittings. The degree of
coupling was denoted by the a parameter which explains the role of
the single/double Tamm states in the interplay between the two MIM
structures.

The numerical results herein presented show that unlike the MIM-I-
MIM studied in literature, having a MIM-PhS-MIM structure with Tamm
states available does not only allow coupling between the PhS and
the MIM but also a coherent coupling between the entrance and exit
MIMs at the Tamm wavelengths. A tunneling is occurring consequently
in the PhS, connecting directly both MIMs although the long distance
given by the PhS. Considering that MIM structures resonances can be
considered analogous to emitters, these results show that TPP modes
within optoelectronic structures allow the coherent coupling of two
emitters at the entrance and exit of an adequate PhS.
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