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We propose a plasmonic topological junction structure that combines topological robustness and subwavelength
localization properties. The proposed structure is a junction of two topologically distinguished metal-insulator-
metal waveguide gratings. Assuming Au-SiOp-Au waveguide gratings, we theoretically demonstrate a plasmonic
Jackiw-Rebbi-state resonance which has substantially small effective mode-field area in the order of 0.1 pm? at
1560 nm wavelength and requires only 10 periods for fully sustaining the ideal resonance Q-factor of the infi-

nitely large array. Therefore, our proposed approach provides an efficient scheme for creating various plasmonic
leaky-mode resonance components that can take advantages of spectral robustness and strong localization

properties.

1. Introduction

Topological effects in the condensed matter physics [1-3] have been
applied to photonic structures [4] as a novel approach to obtain strong
optical localization and robust functionalities against inevitable fabri-
cation imperfections. Introduction of topological phase transition effects
to photonic nanostructures have successfully created active guided-light
steering method [5], topological edge-state resonators [6], high-power
single-mode lasers [7,8], to mention just a few.

One of the most fundamental topological states is a Jackiw-Rebbi
state, a state localized at a junction of two topologically distinguished
1D lattices [9,10], showing robust resonance features against random
structural errors [11]. A Jackiw-Rebbi state produces a strong localiza-
tion effect in the absence of any explicit cavity structure and the local-
ization profile is readily tunable with effective Dirac-mass control in the
lattice structure. Therefore, Jackiw-Rebbi states can be efficiently used
for various wave-control devices including resonators [11], beam
emitters [12], and optical funnels [13].

In particular, leaky-mode resonances based on photonic Jackiw-
Rebbi states is of interest because it provides the topological protec-
tion and remarkable reduction of device footprint size while potentially
maintaining versatile functionalities of leaky-mode-resonance thin-film
devices as spectral filters, sensor templates, absorbers, reflectors,
polarizers, and wave plates [11,15]. In this consideration, it is highly
desirable to further reduce footprint size by combining additional
localization mechanism since there is constant demand for higher
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integration capability and stronger light-matter interaction in such de-
vices. Toward this end, plasmonic topological states have been theo-
retically suggested in some structures including 1D plasmonic crystals in
a metal-insulator-metal waveguide [16], plasmonic channel waveguides
[17], and graphene-coupled plasmonic Su-Schrieffer-Heeger chains
[18]. Although they theoretically demonstrate the topological states
localized at the junctions, these approaches are primarily based on the
first-order Bragg condition and thereby the leakage radiation that me-
diates the leaky-mode resonance from the out-of-plane light incidence is
not allowed.

In this paper, we propose a plasmonic Jackiw-Rebbi-state resonance
thin-film structure that takes advantages of topological and enhanced
localization properties in the second-order Bragg condition regime. We
study a topological junction of metal-insulator-metal (MIM) zero-order
gratings. In this structure, parametric control of the coupling constant
between two counter-propagating deep-subwavelength plasmonic
modes leads to the topological phase transition of the associated leaky-
mode resonance states. We provide an experimentally presumable
design based on Au-SiO interfaces for resonant excitations in the op-
tical telecommunications band. We obtain effective mode area Aeff ~ 8
x 1072 prnz, which is 135 times smaller than a compatible pure photonic
Jackiw-Rebbi-state resonance. In addition, we numerically demonstrate
almost constant resonance quality (Q) factor for remarkably small
footprint size down to 10 periods. Our results could give practical po-
tential for developing a high efficiency optical phased array based on
topological physics, which avoid unintended losses as much as possible.
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Fig. 1. Schematic diagram of a Metal-Insulator-Metal device with a metallic
lattice capable of excitation of the topological interface state. The left side of the
enlarged view is a unit cell with F = 0.3 and has a topological phase. On the
other hand, the right side is a unit cell with F = 0.8 and has a trivial phase.

2. Topological phase transition

We consider an MIM zero-order grating structure based on Au-SiOy
interfaces as schematically illustrated in Fig. 1. The structure consists of
a junction of two grating structures with identical layer thickness
configuration but different fill factors F, and Fg in order to have the two
gratings in distinguished topological phases for surface-plasmonic mode
primarily infiltrated in the insulator (SiO3) layer. Periods A;, and Ay are
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also different from each other so that the two gratings share an identical
bandgap center for the second-order Bragg condition.

Under a certain appropriate choice of a parameter set, the junction
supports a plasmonic Jackiw-Rebbi state in the in the similar manner as
the photonic counterpart [11,14]. We note in Ref. [14] that the differ-
ence between transverse electric (TE) and transverse magnetic (TM)
leaky modes in the topological band dynamics exist due to the TM sur-
face effect in addition to the Bragg-diffraction effect in both polariza-
tion, leading to the difference in the critical parameter values, but the
essential underlying physics of the topological phase transition is iden-
tical with respect to the effective momentum-space Hamiltonian. The
topological phase transition in leaky-mode resonance structures occurs
at a certain critical condition where the diffractive coupling between
two counter-propagating guided modes vanishes as a result of destruc-
tive interference between the first-order and second-order diffraction
pathways [14,19,20]. Since relative magnitudes and phases of the first
and second order diffraction pathways are primarily determined by fill
factor F of a grating structure, F is thereby a key factor that controls the
topological phase. This also applies to the surface-plasmonic grating
structure that we treat here.

We optimize the structure parameters such that the second-order
bandgap is centered at 1560 nm and as wide as possible. The reason
for a preferably wide bandgap is that lateral footprint size of a Jackiw-
Rebbi state is inversely proportional to spectral width of the bandgap
and we are perusing a state as small as possible here. A trial optimization
yields d; = 100 nm, d3 = 10 nm, d3 = 10 nm, d4 = 200 nm, A = 370-420
nm, and critical fill factor F. = 0.6 for the critical topological phase. The

Fig. 2. Topological band transition by structural
parameter change. (a) ~ (c) represent the reflection
spectrum and dispersion relation at F = 0.3, 0.6, 0.8,
respectively. (d) ~ (f) indicate the Q-factor for the
structure having each fill-factor. The red and blue
lines represent symmetric states and anti-symmetric
states, respectively. (g) ~ (h) are the field distribu-
tion at the gamma point. q represents grating mo-
mentum, ¢ = 2n/A. (For interpretation of the
references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 3. Jackiw-Rebbi state at a plasmonic topological interface. (a) Reflection
spectra for incident angle and the right indicates only for the normal incident
light. Red dashed-line represents wavelength at which the Jackiw-Rebbi is
excited. (b) represents H-field distribution of the Jackiw-Rebbi state in the
plasmonic topological junction structure. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of
this article.)

topological phase transition at F, for this structure is confirmed in the
resonance spectrum and associated field patterns as shown in Fig. 2. We
provide the detailed description for the roles of structural parameters to
generate topological phase transitions in Supplementary Materials [21].

In Fig. 2(a) ~ 2(c), we show F-dependent reflectance spectrum on the
frequency-wavevector plane for the second-order bandgap. We use the
rigorous couple-wave analysis [22] for this calculation. For F = 0.3 < F,
in Fig. 2(a), the upper (w,) and lower (w_) bands appear as resonance
dips. At their band edges (k = 0), w.. state manifests as a super-radiant
resonance with an enhanced linewidth while w_ state leads to a
sub-radiant resonance with a vanishingly narrow linewidth by the
excitation of a symmetry-protected bound state in the continuum (BIC).
For F = F. = 0.6 in Fig. 2(b), the bandgap closes as results of the zero
coupling between the counter-propagating modes where the super and
sub-radiant states are degenerated at k = 0. For F = 0.8 > F. in Fig. 2(c),
the bandgap opens again and the super/sub-radiant resonance features
reappear but their locations flip with respect to the spectrum for F = 0.3
< F. in Fig. 2(a). This is a characteristic property involved in the topo-
logical phase transition that accompanies an exchange of modal sym-
metry between the upper and lower band eigenstates [23] as confirmed
in the corresponding field patterns in Fig. 2(g) and (h).

We show the Q-factor spectra for @, bands in Fig. 2(d) ~2(f). The
infinite Q-factor at k = O for all three cases clearly indicates the con-
servation of a topological charge carried by the symmetry-protected BIC
[24]. We use the finite element method for all these calculations [25].

In further detail, the case for F = 0.3 < F, corresponds to the topo-
logical phase where @, and w_ bands take = for their Zak phases, i.e., 1
for the winding number, and the other case for F = 0.8 > F. corresponds
to the trivial phase with 0 Zak phases for the upper and lower bands.
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Fig. 4. Q-factor for the number of a unit cell (N). Q¢ is the Q-factor when the
number of the unit cell is infinite. The black line represents the Q-factor of the
Jackiw-Rebbi state, and the red and blue line indicate the Q-factor of the
conventional gap plasmon in the case of F = 0.3, F = 0.8, respectively. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

3. Plasmonic topological interface state

We now consider a junction of these two surface-plasmonic gratings
in order to see if it supports a desired Jackiw-Rebbi state as a topological
interface state with an extremely strong optical confinement property in
both lateral and vertical axes. We show the angle-dependent reflectance
spectrum of a junction in Fig. 3(a). We identify a plasmonic Jackiw-
Rebbi resonance feature at 1560 nm in the middle of the bandgap be-
tween 1500 nm and 1640 nm in analogy to the zero-energy state of the
Dirac equation.

We show associated field distribution in Fig. 3(b). It shows desired
strong localization with vertical and lateral confinement lengths ~20
nm and 4 pm, when estimated by taking an intensity-weighted average
length value. For confirm the dependence of the Jackiw-Rebbi state on
the thickness of the metal film, we also perform the same calculation as
above for the case of d; = 20 nm in Supplementary Material. Corre-
sponding effective mode area is 8 x 1072 pmz, which is 135 times
smaller than the compatible pure photonic Jackiw-Rebbi state reso-
nance. The pure photonic Jackiw-Rebbi-resonance structure in this
comparison consists of a junction of two fully-etched SiO, grating with
1.5 pm thickness composed with a dielectric material identical to the
MIM structure, Ay, = 1.47 pm, F;, = 0.2, Ag = 1.18 pm, and Fg = 0.8.
These parameters are chosen such that the structure supports a funda-
mental transvers-electric-guided mode with the smallest vertical
confinement length.

Resonance Q-factor is in general a key parameter for spectral selec-
tivity of intensity or phase distributions and cavity quantum-
electrodynamic coupling effects. For leaky mode resonances in peri-
odic thin-film structures, reduction of lateral footprint size under a
certain critical scale essentially evolves degradation of Q-factor because
of energy loss towards the truncation edges. Use of the proposed plas-
monic Jackiw-Rebbi resonance may have a great advantage in this
consideration.

4. Resonance Q-factor

In Fig. 4, we show the lateral-size-dependent Q-factor for the plas-
monic Jackiw-Rebbi resonance in comparison with the delocalized res-
onances at the upper (w.) and lower (w_) band edges. For delocalized
band-edge resonances, associated Q-factor curves substantially
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decreases as the number N of periods within the device area decreases
under 30 periods, approaching down around 80% of their infinitely-
large array cases (Qinf) for N = 10. In contrast, the Q-factor for the
Jackiw-Rebbi resonance is almost constant in the entire N domain from
10 to 60. In particular, substantial degradation in Q-factor under 90% of
Qins is found for N < 8 corresponding to lateral footprint size <3.2 pm,
which is comparable to the smallest pixel size in the present state-of-the-
art CMOS image sensors. This property is favorable for high-density
integration of leaky-mode-resonance devices in addition to the topo-
logical robustness against structural imperfections.

5. Conclusion

In conclusion, we have proposed a MIM waveguide-grating junction
structure that produces a plasmonic topological resonance effect with
mode-field area being two-order-of-magnitude smaller than the pure
photonic counterpart. We have demonstrated plasmonic topological
phase transition of a periodically modulated MIM waveguide at the
second-order Bragg condition with grating fill-factor control. A junction
of two Au-SiO>-Au waveguide gratings with different fill factors sup-
ports a plasmonic Jackiw-Rebbi-state resonance that requires only 10
periods for sustaining the ideal resonance Q-factor of the infinitely large
array. It corresponds to only two vacuum wavelengths. Therefore, the
plasmonic topological junction provides an efficient method to create
robust resonance excitation in a highly compact spatial region. By
considering these characteristic features of plasmonic topological reso-
nances, further study on implementation of optical phased-array
element and its tunable operation is of practical importance for all-
solid state LiDAR [26] and spatial light modulators [27].
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