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This study provides a detailed theoretical and numerical account of the dispersion properties of p-polarized electromagnetic waves
in a complex multilayered solid-state structure. The system under investigation is a six-layer stack featuring two isotropic plasmonic
metasurfaces, separated by dielectric spacers and supported by a semi-infinite plasma-like substrate—either a heavily doped semi-
conductor or a metal. By combining the transfer-matrix formalism with Maxwell’s equations and rigorous boundary conditions, we
derive exact dispersion relations for both surface and bulk-surface eigenmodes. Our numerical results point to a cascaded hybridization
process between the fundamental metasurface resonances and the surface plasmon-polariton (SPP) modes inherent to the substrate. A
particularly significant finding is that adjusting the effective oscillator strengths of the metasurfaces triggers a pronounced dispersion
asymmetry. This occurs when one metasurface exhibits a capacitive response while the other becomes effectively inductive. Such an
electrodynamic imbalance leads to an anomalous negative frequency dispersion regime characterized by the propagation of backward
waves. Furthermore, we demonstrate that modifying the dielectric environment or swapping the semiconductor substrate for a metallic
one shifts the regions of resonant interaction, offering a versatile means of controlling the spectral intervals of mode splitting. These
findings establish a solid theoretical groundwork for the design of tunable nanophotonic devices and the generation of distributed internal
feedback, which is essential for the emergence of absolute electromagnetic wave instabilities in beam-coupled systems.

Keywords: Plasmonic metasurface; Hybrid surface wave; Bulk-surface wave; Negative dispersion; Semiconductor substrate; Mode
hybridization

1. INTRODUCTION

The progress of modern nanophotonics and optoelectronics is largely driven by the search for new ways to manipulate
electromagnetic waves at subwavelength scales. In this context, two-dimensional metamaterials—widely known as
metasurfaces—have emerged as a focal point of research due to their ability to exhibit electrodynamic properties far
beyond those of naturally occurring media [1]. Among these, plasmonic metasurfaces are of particular interest. They
offer a versatile toolkit for wave tailoring, supporting extreme field localization, selective routing of surface modes, and
fine-tuning of the local density of states. Extensive studies have already uncovered a range of anomalous phenomena linked
to their frequency dispersion. It is now a well-recognized fact that these architectures can host tightly confined hybrid
electromagnetic states. Typically, the resulting eigenspectrum splits into branches representing hybrid transverse electric
(TE) and transverse magnetic (TM) waves [2, 3]. Furthermore, such systems can trigger optical topological transitions,
where the isofrequency contours undergo a dynamic transformation from closed ellipses to open hyperbolic curves as
the frequency shifts [4]. Accurately modeling these effects requires a precise determination of the effective surface
conductivity, often done by merging near-field and far-field characterization methods [5]. A promising direction lies in
integrating anisotropic metasurfaces with natural 2D materials like graphene or black phosphorus, or embedding them
into multilayered solid-state stacks. For instance, doped 2D layers can support highly directional hyperbolic plasmons,
which are easily tuned via electrical gating [6]. It is also worth noting that strong field confinement often arises at the
physical boundaries of these anisotropic structures [7]. When multiple metasurfaces are stacked, the interaction between
their eigenmodes becomes quite complex. Some theoretical models even compare these coupled modes to Feynman paths
in electron transport theory [8]. To evaluate such layered systems, the transfer-matrix formalism remains one of the most
reliable and direct analytical tools [9].

Recent research has significantly broadened the known spectrum of guided states. Notable examples include
analytical models for anisotropic polarizabilities at arbitrary incidence [10], self-collimated surface-wave steering through
equifrequency contour design [11], and the discovery of hybrid waves in twisted metasurfaces [12]. Simultaneously,
work on hyperbolic shear metasurfaces [13] and antihyperbolic surface states [14] has opened new routes for controlling
mode topology and axial dispersion. Other studies have demonstrated that even isotropic metasurfaces can produce a
scattering-free plasmonic Brewster effect for p-polarized waves across a wide range of angles [15]. The strong anisotropy
and tunability of these platforms allow for a variety of specialized effects, from near-perfect photon spin selectivity [16]
and chiral sensing [17] to quantum-nanophotonic effects in hyperbolic media [18]. Furthermore, the high confinement
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of surface plasmons enables these systems to exert significant transverse optical forces on nearby nanoparticles [19] or to
facilitate directional radiative heat transfer [20]. Practical applications also extend to multiband polarization converters
[21], multifunctional polaritonic structures [22], and Babinet-invertible metasurfaces enabling transmission-reflection and
helicity switching [23, 24]. However, despite these advances, there is still a lack of comprehensive electrodynamic models
for certain asymmetric hybrid architectures. A prime example is a structure where a dielectric layer is placed between a
plasmonic metasurface and a semi-infinite plasma-like substrate (such as a metal or semiconductor).

In this paper, we conduct arigorous theoretical and numerical study of the dispersion properties in such a configuration.
Our goal is to identify the conditions for strong wave localization and to analyze the frequency splitting of coupled surface
modes in solid-state structures incorporating isotropic plasmonic metasurfaces.

2. PROBLEM STATEMENT
2.1. Main equations and boundary conditions

The physical system under investigation represents a planar, multi-layered solid-state structure. The uppermost region
consists of a semi-infinite dielectric superstrate characterized by a permittivity £, which bounds the primary plasmonic
metasurface. A dielectric spacer of thickness d; and permittivity €, separates this top conductive sheet from a secondary
plasmonic metasurface. Beneath this lower structured interface lies another dielectric layer, having a thickness d, and
permittivity 3, which bridges the gap to a semi-infinite plasma-like bulk substrate, typically realized as a highly doped
semiconductor or a metal. We orient the z-axis normal to the layer interfaces, defining its positive direction to point into the
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Figure 1. Geometry of the structure.

depth of the plasma-like medium (see Fig. 1). The top metasurface is located precisely at the z = 0 plane, while the bottom
metasurface is positioned at z = d;. From a physical standpoint, such metasurfaces are typically fabricated as periodic
lattices of highly conducting, ultra-thin elements—such as metallic strips or disks. Given that both the thickness of these
inclusions and the array periodicity are vastly smaller than the operational wavelength, out-of-plane spatial dispersion
becomes entirely negligible. This scale separation permits us to model the electrodynamic behavior of both structured
interfaces using macroscopic, isotropic effective surface conductivities, denoted here as o and 0.

The overall field dynamics within this multi-layered geometry are rigorously governed by Maxwell’s equations:

VxH(r ) = LR AT 0
c Ot c
VxE(r, 1) = —L2BED )
c Ot
V-D(r,1) =0, (3)
V.B(r,1) = 0. @)

In these expressions, ¢ represents the vacuum speed of light. The variables E(r, ¢), H(r, ¢), and B(r, f) correspond to the
electric field, magnetic field, and magnetic induction vectors, respectively. Because all constituent layers are assumed to be
non-magnetic (¢ = 1), the magnetic induction and magnetic fields are strictly equivalent in the Gaussian system, yielding
B(r,7) = H(r,1). The vector D(r, r) defines the electric displacement. Additionally, the complete current density within
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the system is purely planar, taking the form j(r,7) = (j.(r,?),0). This transverse current distribution is mathematically
pinned to the patterned interfaces using the Dirac delta function, §(z), and can be expanded as j(r, 1) = j-1(p,1)6(2) +
Jjr2(p,1)d(z — dy), with p = (x,y,0) acting as the in-plane position vector.

To analyze the system, we decompose the electromagnetic fields into Fourier integrals of the form [25]:

E(r,t) = / / E(k,w)exp [i(k,z + kp — wt)] dkdw, (5)

—00 —00

where w stands for the angular frequency, and the total wave vector is defined as k = (k, k;). Its in-plane transverse
component is denoted by k = (ky, ky,0), while k, represents the normal wave number.

Furthermore, the macroscopic constitutive relations coupling the electric displacement to the electric field inherently
take a non-local form:

t
Dj(r,t) =/ Ejg(t —1")Eq(r,t')dr’, (6)

where the subscripts j and g designate the Cartesian coordinates (x, y, z), with summation implicitly applied over the
index g. The integral kernel &, (1 —t’) serves as the time-domain dielectric response tensor, reflecting the assumption that
the electrodynamic properties of the medium are temporally homogeneous. Upon transforming to the frequency domain,
this convolution reduces to a straightforward algebraic relation:

Dj(k,w) = €j4(w)E; (k,w). @)

In this formulation, the frequency-domain dielectric tensor &, (w) is obtained directly through the Fourier transform of
the temporal response kernel:

gjg(w) =/0 &jg (1) expliwT)dr. ®)

Inside the purely dielectric regions (z < 0, 0 < z < dj, and d| < z < d| + d»), the material response is essentially
instantaneous, which is mathematically expressed as &;;(7) = &,6;;0(7). Here, the scalar constant &,, € {g1, &2, &3} is
assigned according to the specific layer. As a result, the spectral electric displacement reduces to a simple proportionality:
D, (k,w) = £,E(k, w). In contrast, the plasma-like substrate occupying z > d; + d; exhibits strong temporal dispersion,
leading to the relation D4 (k, w) = e4(w)E(k, w), where

2

wl’
84(&)) =&)— m (9)

In this formulation, &o represents the high-frequency background permittivity, w, designates the collective plasma
frequency of the free charge carriers, and v dictates the effective collision rate responsible for intrinsic dissipative losses.
Furthermore, the macroscopic surface currents induced on the patterned interfaces are expressed as:

Ja(p.) = / / Jri(k, w) expli(xp — wt) | dxdw, (10)

—00 —0

where [ € {1,2} indexes the metasurfaces. In the frequency domain, we use:
jTl(K’w) :O'l ((.l.)) ET (K,(IJ). (11)

Here, the term o (w) represents the frequency-domain effective surface conductivity of the /-th metasurface, which is
mathematically modeled as:

c IAjw
o(w)=—|0ci + ——|. 12
1(w) 47:( ! P inw (12)

Here, o represents the background conductivity arising from deep electronic band transitions (Re ooy = 0). The
amplitude coefficient A; is determined by the particular subwavelength geometry of the /-th metasurface (ImA; = 0).
Additionally, ; denotes the fundamental resonance frequency of the structured layer, while y; accounts for the resonance
broadening caused by ohmic dissipation and radiation scattering. To focus strictly on the underlying dispersion topology,
we hereafter neglect all dissipative mechanisms within both the patterned interfaces and the plasma-like substrate, explicitly
setting y; =y, =0and v = 0.

To rigorously extract the dispersion characteristics, we enforce the standard electromagnetic boundary matching at
the three primary interfaces (z = 0, z = dj, and z = dj + d). At the metasurface planes located at z = 0 and z = d|,
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the tangential electric field remains strictly continuous. In contrast, the tangential magnetic field undergoes a discrete
discontinuity driven by the localized surface currents:

n x (Em+1(r, 1) = Ep(r, t)) -0, (13)

4
0 (Bt (0,0) = Ho(1.0)) = (.0, (14)

In this notation, n = (0, 0, 1) represents the unit normal vector pointing from the m-th medium into the (m + 1)-th medium,
where the index m € {1,2} specifies the dielectric domains immediately bounding the /-th metasurface. Furthermore,
since the boundary separating the bottom dielectric spacer and the plasma-like substrate (located at z = d; + d») lacks any
conducting inclusions, it cannot support free surface currents. Consequently, both the tangential electric and magnetic
field components transition continuously across this final interface:

nx (E4(r, 1) — Es(r, t)) -0, nx (H4(r, £) — Hs(r, t)) - 0. (15)

2.2. Dispersion relations of structure eigenwaves

To derive the dispersion relations for the p-polarized (transverse magnetic) eigenmodes supported by the proposed
structure, we first specify the relevant electromagnetic field vectors. Under this polarization scheme, the fields exhibit the
non-vanishing components E(r,¢) = (Ex(r,t),0, E;(r,t)) and H(r, 1) = (0, H,(r,t),0). Assuming unidirectional wave
propagation strictly along the x-axis, the associated wave vector simplifies to k = (ky, 0, k).

Applying this specific spatial field configuration requires us to adapt the general macroscopic boundary condi-
tions across all structural interfaces. Specifically, evaluating these matching conditions at the plane containing the top
metasurface (z = 0) yields:

x| _=Eatan| . (16)

4r
H > ) - 5 | =——j > | . 1
)| ~Hyi (] =~ jaatpon)] a7

At the plane of the second metasurface (z = d;):

Ey3(x, t)L: 0 Exo(x, t)L: & (18)

4z
H ,1 | - ,t ) =——j ,t| . 19
v3 (x ) 2=d, yZ(x ) =d, c J12,x (P ) =d, (19)

At the interface between dielectric 3 and the plasma-like medium (z = d;| + d):

(20)

E4(x,t ’ =FEa(x,t s
x4( ) c=dy+ds x3( ) e=dy+d>

2y

Hyq(x,t | =H,(x,t .
y4( ) Z=d1+d2 y3( ) Z:d1+d2
We first deduce the dispersion relation specific to the surface eigenwaves of the structure. Moving forward, the relevant
spatial and frequency parameters are expressed in dimensionless form, normalized with respect to the fundamental resonant
frequency of the first metasurface, Q;:

w cky di1Q dr€2
=—,qg=—,01=——, 0 = . 22
& 0979 % " 2 - (22)

The dimensionless transverse decay constants in the corresponding layers are defined as:

ckom c
Mo =i = VG~ e (= 1.2.3), ny =i G = Vg~ £aa(6). 23)

k
Q

The remaining normalized physical parameters of the materials are given by:

_ w Q - A _ 4z
wp = Q—T, &H = Q_l’ A= Q_l’ Ol = _To-ools (24)

where the index [ € {1, 2} refers to the first and second metasurface, respectively.
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In terms of these newly defined variables, the Fourier-transformed permittivity of the plasma-like medium and the
effective surface conductivities reduce to the following expressions:

-2 Axi A
) = o= 5 31(6) = (@) =+ 5)
Ami )
726 = ) = et 6)
52

By substituting the integral representations of the fields (5) and the surface currents (10) into the boundary conditions
(16)—(21), we arrive at the dispersion relation governing the surface eigenwaves:

b b b b
ap [173 - feXp(—anél)lexr)(—Znséz) +a; b—6 - b—sexr)(—anfSl)l =0, 27
1 b 1 by
where g4 &3 &4 &3
AR O @)
na 13 na 13
by = (8—1——)5 a1(8), bz—(—+—)f a1(8), ba—(———)§+0'2(f) (29)
n n m
by = (2 + 2)5 +02(8), bs = (2 - 2)6 - 02(8), be = (2 + 2)5 = 02(8). (30)
nn2 n o n2 n o n2

As the thickness 0, tends toward infinity, the composite dispersion relation (27) decouples into two independent
equations. These specifically describe the eigenmodes of the dielectric 3—plasma-like interface and the isolated five-layer
metasurface structure (dielectric 1-metasurface 1-dielectric 2-metasurface 2—dielectric 3), respectively:

84 83 b
=0, =2 - Zexp(-2m26)) = 3D
14 773 b1 by

Next, we focus on the bulk-surface eigenwaves, which are characterized by fields that exhibit exponential decay
(evanescence) within the top dielectric and the semiconductor substrate, while maintaining an oscillatory profile inside
the internal dielectric spacers 2 and 3. This specific waveguiding regime is supported when the following phase-matching
conditions are satisfied: ¢ > £2g1, ¢> > £2e4(€), ¢° < &2, and g? < £%e3. We will use the following notation for the
normal components of the wave vector in dielectrics 2 and 3:

=V -7, =V - (32)

The dispersion relation governing the bulk-surface waves is derived from Eq. (27) by enforcing an oscillatory field
profile within the internal dielectric spacers (layers 2 and 3). This transition is mathematically handled by substituting the
transverse decay constants with their purely imaginary counterparts, 17, = —i{> and 3 = —i{3. By subsequently invoking
Euler’s identities to recast the complex exponentials into a trigonometric form, we arrive at the following expression:

008(901){ (5—3 - 5_2)[ (—A1 - —Az) + 0 (f)Az] Uz(f)[ (—Al + g—Az) og} (f)&]}
+cos(p2) { 2e(Cras+ Zad) - mu@ns| i) [¢( s - %As) -5y («f)A4]} =0, (3
where
A =28 tan(g)), Ay = = + _tan(‘Pl) Ay =— - —tan(902) A=t —tan(goz) (34)
TR 5 14 4“3 14 4
w1 = 001 — {362, 92 = {261 + {302. (35)

We also examine a specific class of bulk-surface eigenwaves characterized by evanescent field profiles in the vacuum
cladding, the first dielectric spacer, and the plasma-like substrate, while sustaining an oscillatory behavior strictly within
the third dielectric layer. These modes are supported when the in-plane wave number g satisfies the phase-matching
inequalities g2 > &1, g% > £%e5, and g% > £2e4(€), but remains below the light line of the silica layer (¢> < &2¢3).
Under these conditions, the governing dispersion equation takes the following form:

¢2 4 fg) tan(£382) = 0, (36)
{3 14
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where

1 1 1 1
f= —fz—i b + b exp(—2n261) | + 52(£) [b_l D eXp(—277251)] , (37)
N L S
g= 553 [b1 b exp( 277261)] . (38)

3. NUMERICAL ANALYSIS OF DISPERSION RELATIONS

To numerically evaluate the dispersion profiles, we adopt the following material parameters: vacuum for the top layer
(g1 = 1), Teflon for the first spacer (g, = 2.1), fused silica for the second spacer (¢3 = 3.7), and an InSb semiconductor
substrate (g9 = 15.68). The normalized geometric and metasurface parameters are fixed at Goo] = G2 = 0.2, A=A, =
0.2,61 =0.3,0, = 0.15, and & = 1.3. In the subsequent analysis, only the dimensionless plasma frequency @, and the
oscillator strengths A; will be treated as variable quantities.

Our numerical analysis relies on a fundamental physical concept: pronounced branch repulsion—typically referred to
as an avoided crossing—emerges whenever the eigenfrequencies of initially non-degenerate modes approach one another.
The proposed six-layer structure inherently supports three distinct resonant states: the fundamental resonance of the top
metasurface (£; = 1), the resonance of the bottom metasurface (£;), and the surface plasmon-polariton (SPP) supported
by the boundary between the semiconductor substrate and the adjacent silica spacer. This SPP resonance is governed by
the standard matching condition &4 + €3 = 0.

We aim to track how the overall mode spectrum reorganizes as the normalized SPP frequency, defined as &, =
@p /ey + €3, is systematically swept across the metasurface resonances, specifically moving from a sub-resonant regime
(&sp < &1) to a supra-resonant one (€5, > &2, assuming & > &1).

We start by examining a scenario where the SPP frequency resides well below the resonant frequencies of both
structured layers, meaning &, < &1 < &. The resulting eigenspectrum under these conditions is plotted in Fig. 2,
calculated for @,, = 3.5 and identical oscillator strengths A; = A, = 0.2.

To ensure consistency across all spectra of electromagnetic waves (Figs. 2, 4-8), we use a unified labeling scheme.
The straight lines denoted by 1, 2, and 3 are the light lines corresponding to the vacuum, Teflon, and silica regions,
respectively. Curve 4 marks the transition boundary where the transverse decay constant inside the semiconductor
vanishes (74 = 0). The horizontal lines 5 and 6 specify the isolated resonant frequencies of the upper (¢§; = 1) and
lower (&, = 1.3) metasurfaces, while line 7 tracks the SPP frequency &;),. Furthermore, the lower-frequency and upper-
frequency dispersion branches originating from the metasurfaces are identified as curves 8, 9 and 11, 12. Finally, curve 10
specifically maps the electromagnetic state that remains largely confined to the semiconductor interface. In Fig. 9, lines
1-3 have the same meaning as in the preceding figures; line 4 corresponds to &; = 1, line 5 to & = 1.3, and line 6 to
&sp. Curves 7, 8 and 10, 11 represent, respectively, the low-frequency and high-frequency branches of electromagnetic
waves predominantly localized near the metasurfaces, whereas curve 9 represents an electromagnetic wave predominantly
localized near the plasma-like medium.

As illustrated in Fig. 2, the dispersion branches representing the low-frequency (¢ < 1) modes largely confined to
the two metasurfaces (curves 8 and 9) exhibit a clear avoided crossing within region B. This repulsion signifies a strong

2.0

we 1.0

0.0 T T T T T T T T
0 5 10 15 20 25 30

Figure 2. Dispersion spectrum of electromagnetic waves in the analyzed solid-state structure when &, < &1 < &
(with @, = 3.5). The highlighted areas A and B demonstrate the pronounced resonant coupling between the underlying
non-degenerate modes.
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resonant coupling between the initially non-degenerate states. The higher-frequency (¢ > 1) metasurface modes undergo
a comparable hybridization process. Specifically, in region A, dispersion curves 11 and 12—which correspond to the
electromagnetic states governed by the upper and lower metasurfaces—mutually repel and diverge. Because we have set
&sp < & = 1, the branch principally confined to the semiconductor substrate (curve 10) remains entirely uncoupled from
the upper-frequency metasurface branches. Instead, the primary energy exchange in this high-frequency domain occurs
exclusively between the two metasurfaces themselves, driving the pronounced splitting observed in region A. Notably,
both curves 11 and 12 originate from the boundary defined by curve 4. At wave numbers below this threshold, the
electromagnetic fields inside the semiconductor adopt an oscillatory character, precluding the existence of purely bound
surface wave solutions. Furthermore, as curve 10 crosses the relevant light lines, its physical nature transitions. The
segment bounded by spectral lines 1 and 2 captures a bulk-surface wave governed by Eq. (33), whereas the section between
light lines 2 and 3 maps to a distinct bulk-surface state accurately described by Eq. (36).

We now turn our attention to the specific shape of curve 10 from Fig. 2 and its dependence on the structural oscillator
strengths, A; and A,. To isolate this effect, Fig. 3 plots the dispersion profile of the semiconductor-confined mode under
the exact same background parameters, leaving only the conductivity amplitudes A; and A, as variable quantities.

0.800

0.795 1+

0.790 +

0.785 T T T T T T T T T T T 1
0 5 10 15 20 25 30

Figure 3. Dispersion spectrum of the electromagnetic mode confined near the plasma-like substrate. The structural
parameters match those in Fig. 2, evaluated for oscillator strengths A; = Ay = 0.2 (curve 3), A} = Ay = 0.4 (curve 4),
and A; = Ay = 0.6 (curve 5). Line 1 denotes the light line in the third dielectric layer, while line 2 indicates the surface
plasmon-polariton (SPP) resonance at &, ~ 0.8.

As depicted in Fig. 3, setting the oscillator strengths to A; = A, = 0.2 induces a distinct anomalous segment
characterized by negative dispersion on the branch associated with the semiconductor-confined mode. Within this specific
frequency band, the electrodynamic parameters satisfy the following criteria: &4 < 0, & (¢) = —4mio1(€)/c < 0, and
G2 (€) = —4mios (€)/c > 0. Conversely, increasing these oscillator strengths to A; = Ay = 0.4 (curve 4)or A} = A» = 0.6
(curve 5) completely eliminates the backward-wave behavior. Under these higher-strength conditions, the system enters a
regime where both patterned layers share an identical reactive nature, meaning that g4 < 0, 67 (¢) = —4mio(€)/c < 0,
and crucially, 6 (¢) = —4nio,(€)/c < 0 across the entirety of curves 4 and 5.

This analysis demonstrates that for a specific subset of parameters A; and A, a profound electrodynamic asym-
metry is established within the stack. Specifically, the top metasurface maintains a fundamentally capacitive profile
(—4rio(€)/c < 0), whereas the bottom metasurface transitions to an inductive, metal-like behavior (—4mio»(£)/c > 0).
It is precisely this competitive capacitive-inductive feedback between the adjacent structured layers that drives the emer-
gence of the negative-dispersion region. From a practical standpoint, the generation of such a backward-wave segment
provides the internal distributed feedback necessary to support absolute instabilities when the hybrid geometry is coupled
to a synchronized beam of charged particles.

Let us consider the case where the SPP frequency practically coincides with the resonance frequency of the first
metasurface, i.e.,

EpréE=1<éE=13

The corresponding eigenspectrum is shown in Fig. 4 for @, = 4.4 and A} = Ay = 0.2. Due to the frequency
degeneracy (&5, ~ &1 = 1), a regime of strong mode hybridization is achieved. This leads to a pronounced anticrossing
(curve repulsion), highlighted as Region A, between curve 10, which corresponds to the mode predominantly localized
near the plasma-like medium, and curve 11, the high-frequency branch predominantly associated with metasurface 1. The
strong electrodynamic coupling fundamentally reorganizes the spectrum in the vicinity of & = 1. Additionally, Regions B
and C indicate the secondary resonant interactions between the high-frequency and low-frequency electromagnetic waves,
respectively, which are localized near the two separated metasurfaces.
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Figure 4. Dispersion spectrum of electromagnetic waves in the analyzed solid-state structure under the condition &5, =
&1 =1<é& = 1.3 (where @, = 4.4). Region A features a substantial avoided crossing between the dispersion branch of
the plasma-like medium (curve 10) and that of the primary metasurface (curve 11).

Fig. 5 demonstrates the eigenspectrum for a uniform distribution of resonances, where &1 = 1 < &, * 1.13 < & =
1.3 (with @, = 5.0).

In this regime, the system avoids giant single-point mode splitting and instead forms a characteristic ”ladder” of
repelling branches. The spectrum features three distinct interaction areas: Region A corresponds to the coupling of
the proper high-frequency surface modes localized near both metasurfaces; Region B highlights the interaction between
the branch localized near metasurface 1 and the branch predominantly localized near the plasma-like medium (curve
10); and Region C reflects the mutual coupling of the low-frequency metasurface modes. Such a sequential repulsion
mechanism reveals the complex cascaded nature of the mode interactions across the entire structure. Therefore, when the
SPP frequency falls between the two metasurface resonances, the spectrum undergoes a sequential reorganization. It starts
with the hybridization of low-frequency modes, followed by the interaction between the plasma-like branch and the first
metasurface branch, and culminates in the mutual repulsion of the high-frequency branches.

2.0

wn 1.04-40

Figure 5. Dispersion spectrum of electromagnetic waves in the analyzed solid-state structure for an evenly spaced
arrangement of resonances, taking &1 = 1 < &, ~ 1.13 < & = 1.3 (0, = 5.0). A distinct sequence, or “ladder,” of
mutually repelling dispersion branches emerges across interaction zones A, B, and C.

Ultimately, we examine the scenario where the SPP frequency nears the resonant frequency of the second metasurface,
givenby & =1 <&, = & =1.3.

Fig. 6 illustrates the resulting dispersion profile for @, = 5.7. Under these conditions, the primary avoided
crossing moves to a higher frequency range, taking place between curve 10—representing the mode largely confined
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to the plasma-like semiconductor—and curve 12, which represents the upper-frequency mode principally linked to the
second metasurface. Consequently, a substantial spectral gap emerges in region C around ¢ = 1.3. Furthermore,
region A continues to capture the coupling between the two intrinsic upper-frequency metasurface modes, while region B
highlights the interaction linking the plasma-like-medium branch with the branch governed by the first metasurface. In
the lower-frequency spectrum, region D indicates the ongoing mutual repulsion of the bottom-tier metasurface branches.
Therefore, as &, transitions away from & and closer to &>, the primary pathway for energy hybridization shifts from
the first metasurface to the second. Concurrently, the preservation of the other interaction zones clearly underscores the
fundamentally multiresonant nature of this six-layer structure.

2.0

1.0 195

0.0 —T 1

0 5 10 15 20 25 30
q

Figure 6. Dispersion spectrum of electromagnetic waves in the analyzed solid-state structure under the condition &; =
1 <&p = 1.3 =& (with@, = 5.7). The most significant mode hybridization and splitting are localized within Region C.

To evaluate the impact of the dielectric environment, we consider the case where the fused-silica spacer is replaced
by a high-index silicon layer (¢3 = 11.7). As shown in Fig. 7, the increased permittivity causes the light line in the
third dielectric (curve 3) to shift downward. This modification, combined with the high background permittivity of the
semiconductor, reduces the SPP frequency to &, ~ 0.95. Consequently, the SPP resonance resides below the primary
metasurface resonance (&, < &), which prevents the splitting of the semiconductor-localized branch (curve 10) through
interaction with the metasurface modes. However, the intrinsic coupling between the two metasurfaces remains active,
leading to the pronounced avoided crossing observed in Region A for the high-frequency branches.

Figure 7. Dispersion spectrum of electromagnetic waves in the analyzed solid-state structure with a high-index dielectric
spacer (silicon, &3 = 11.7) for the case &, = 0.95 < ¢ =1 < & = 1.3 (@, = 5.0). Curves 1, 2, and 3 represent light
lines; curve 4 marks the boundary n4 = 0; lines 5, 6, and 7 indicate &1, &5, and &, respectively. Curves 8—12 identify the
low- and high-frequency hybrid branches.
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The influence of the metasurface oscillator strengths on the hybridization width is illustrated in Fig. 8. By increasing
the parameters A; and A, from 0.2 to 0.4 while maintaining other system variables, we observe a significant expansion
of the spectral gaps. The anti-crossing regions A, B, and C become notably wider. In this configuration, Region A
characterizes the interaction between the upper-frequency metasurface modes, while Region B represents the coupling
between the primary metasurface and the plasma-like substrate. Region C captures the repulsion between the fundamental
low-frequency metasurface branches. This demonstrates that the geometric design of the conductive elements provides a
robust mechanism for controlling the magnitude of mode splitting.
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an 1.0 414

0.541
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Figure 8. Dispersion spectrum of electromagnetic waves in the analyzed solid-state structure under strong coupling
conditions, where the oscillator strengths are increased to Ay = A = 0.4 (@, = 5.0, &, ~ 1.13). The labeling of
branches 1-12 follows the scheme established in Fig. 7.

Finally, we examine the transition from a semiconductor-like to a metal-like substrate by setting the background
permittivity to &g = 1. As seen in Fig. 9, this shift dramatically increases the SPP resonance frequency to &, ~ 2.3.
A comparison between Fig. 8 and Fig. 9 reveals that the metallic nature of the substrate introduces a new interaction
zone, labeled Region D, where the SPP branch of the substrate couples strongly with the mode localized near the second
metasurface. Furthermore, the existing interaction regions A and B are shifted toward the higher-frequency domain.
We also observe that the spectral repulsion between the low-frequency metasurface branches (Region C) is significantly
enhanced compared to the semiconductor-based configuration.

Figure 9. Dispersion spectrum of electromagnetic waves in the analyzed solid-state structure with a metal-like plasma
medium (g9 = 1) at &, = 2.3 > & > £1. The parameters are A; = Ay = 0.4 and 61 = 6> = 0.15. Region D highlights
the additional interaction zone emerging at the SPP frequency.
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4. DISCUSSION AND CONCLUSION

Our study presents a detailed electrodynamic account of a six-layer hybrid structure, where two isotropic plasmonic
metasurfaces are integrated within dielectric spacers above a semi-infinite plasma-like medium. By analyzing the dispersion
relations for p-polarized electromagnetic waves, we have mapped a variety of waveguiding regimes. These range from
tightly confined surface states to hybrid bulk-surface modes, where the fields exhibit an oscillatory character within the
internal dielectrics while maintaining evanescent decay in the cladding and substrate. Numerical results highlight the
decisive role of cascaded mode hybridization in shaping the structure’s response. Specifically, we found that tuning
the surface plasmon-polariton (SPP) frequency of the substrate relative to the metasurfaces’ inherent resonances triggers
a complex topological reorganization of the eigenspectrum. The strong repulsion between initially non-degenerate
states manifests as a multi-resonant “ladder” of dispersion branches. Notably, the spectral position and width of these
hybridization gaps prove to be highly sensitive to both the geometric dimensions and the material parameters of the stack.
One of the central findings of this work is the identification of the specific parameters necessary for a backward-wave
regime. We demonstrated that by introducing an asymmetry in the effective oscillator strengths of the structured interfaces,
the system can be forced into a state of competitive reactive feedback. In this specific configuration, the top metasurface
remains fundamentally capacitive (—4mioj(£)/c < 0), whereas the lower one transitions into a metallic, inductive state
(—4mion(€)/c > 0). This electrodynamic imbalance serves as the direct physical mechanism behind the emergence of
negative dispersion. From a practical standpoint, creating such intrinsic distributed feedback is essential for triggering
absolute instabilities during interactions with synchronized charged-particle beams. Finally, our analysis shows that the
energy exchange pathways can be fundamentally shifted by modifying the local dielectric environment or replacing the
semiconductor with a metal. Such adjustments alter the critical SPP frequency, effectively pushing the primary interaction
zones into higher frequency domains and broadening the spectral gaps between the lowest-order branches. This structural
flexibility offers a predictable and versatile platform for managing subwavelength electromagnetic confinement, which is
crucial for the next generation of active optoelectronic and nanophotonic devices.
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BUHUKHEHHAA BIH’GMHOT HI/ICHEPCIi EJIEKTPOMATHITHUX XBWJIb ¥V TBEPIIOTIHBHlﬁ
CTPYKTYPIL IO MICTUTD IIVIABMOIIOAIBHE CEPEJIOBUIIE TA IIJIABMOHHI METAIIOBEPXHI
10.0. ABepkos, O.10. Asepkos, M.M. Bisenbkuii
Incmumym padiogpizuxu ma eaexmponixu im. O. A. Yeuxosa HAH Yxpainu, eya. Akao. Ilpockypu, 12, Xapkis, 61085, Ykpaina

Y 1upoMy JOOCHiAKEHHI NPEICTAaBIEHO [eTaJbHUN TEOPETUYHMUI 1 YMCENbHUH aHal3 AWUCTIEpCiiHUMX BJIACTUBOCTEH p-
TMOJIAPU30BAHUX €JIEKTPOMATHITHUX XBWJIb Y CKJIaJHiH GaraTomaposiil TBepOTiIbHIN CTpYKTYpi. JociimKyBaHa cucTeMa sBJisie Co000
LIECTUIIAPOBY CTPYKTYPY, 110 MiCTUTh [IBi i30TPOIHI IJIA3MOHHI METANOBEPXHi, AKi PO3/JiIeH] JieJeKTPUYHUMU NpoLIapKaMu Ta po3-
TaIlOBaHi Ha HaNiBHECKiHYCHHIH TIa3MOMNOIOHIH MiIKIaIi — ab0 CHIIBHO JIETOBAHOMY HAIiBIPOBINHUKY, a00 MeTaui. [loenHywoun
¢opmasti3mM MaTpuIk HepeHocy 3 piBHAHHAMYU MakcBeJia Ta CTpOrMMH IPaHUYHIMYI YMOBAMH, MU BHBEJIH TOYHI AUCTIEPCiiiHI PiBHAHHS
SIK 1JIs1 HOBEPXHEBHUX, TAK 1 JUIsl 00’ €MHO-TIOBEpXHEBUX MOJl. Halli uncenbHi pe3y/bTaTi BKa3yloTh Ha MPOLEC KacKaaHOI ribpuau3atii
MiX (pyHIAMEHTAIPHUMU PE30HAHCAMH METAIIOBEPXOHb i BIACHUMHU MOBEpXHEBUMHM Iuia3MoH-nonssputonHumu (III1IT) momamu mia-
kJIaaku. Oco6JMBO 3HAUYILIMM PE3Y/IbTATOM € Te, 110 PEry/IIOBaHHSA €PEKTHBHUX CHJI OCLIMIATOPIB METAlIOBEPXOHb BUKJIMKAE BUPAKEHY
qucnepciiiny acumetpito. Ie BimOyBaeThes TOAI, KOJMM OJIHA METANOBEPXHs BUSABIISE EMHICHHUIA BiITYK, TOMAI K iHIIA CTa€ eheKTHB-
HO iHOyKTHBHOI0. Takuil enxexTpopHaMiyHMil JqrcOaaHC IPU3BOIUTH JO AHOMAJIBHOTO PeXMMY HEeraTMBHOI YacTOTHOI AucHepcii, o
XapaKTepHU3Y€EThCs MOMMPEHHSIM 3BOPOTHHUX XBUIb. KpiM TOro, Mu IeMOHCTpYEMO, 10 MOAM(IKALIis AieeKTPUIHOTO OTOYEHHS a0
3aMiHa HAIIBIIPOBIJHUKOBOI MiAKJIAKK HA METATEBY 3MIIy€ 00IacTi Pe30HAHCHOI B3a€MO/ii, POMOHYIOYM YHiBepCabHuii 3aci0 Ke-
pyBaHHS CHEKTPaIbHIMH iHTEpBaJaMy po3LieruieHHs MoJ. Li BUCHOBKH CTBOPIOIOTH MillHE TEOPETHYHE IMiATPYHTS ISl IPOEKTYBAHHS
nepeOyn0ByBaHUX HAHOGOTOHHHX MPUCTPOIB Ta TeHepallii pO3MOAiIeHOro BHY TPIIIHBOTO 3BOPOTHOTO 3B’ SI3KY, IO € HEOOXiJHUM MJIs
BUHHUKHEHHS aOCOJIIOTHUX HECTIHKOCTe eJIeKTPOMArHiTHUX XBWJIb Y CUCTEMaX, OB’ A3aHMX i3 IyYKaMH 3apsiKEHUX YaCTHHOK.
KuarouoBi ciioBa: niazmonna memanogepxus; 2iOpuoHa NOGepxXHesa XeUNs; 00 EMHO-NOBEPXHEBA X6UNSL, 610 EMHA OUCNEPCIsl; HANIG-
nposiOHUK08a NIOKAAOKA; 2i0pUoU3ayis MOO
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