AES 2024, ROME - ITALY, 25 —28 JUNE 2024

Chiral waveguides and exceptional points
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Abstract: In chiral waveguides with gain and loss, we report coupling between TE and TM modes leading to
interesting dispersion patterns of avoided crossings and symmetry-broken zones. Additionally, even without gain
and loss, we obtain backward modes via exceptional points in waveguides with a large chirality.

Photonic devices respecting parity-time (PT) symmetry have produced many interesting phenomena in recent
years [1]. In waveguides e.g., under a certain gain-loss threshold, the modes are propagating, whereas above that
threshold, called the exceptional point (EP), one mode is amplified and the other decays. This creates a mode
dispersion with two characteristic ‘forks’, for the real and imaginary part, respectively, on each side of the EP
(dashed lines in Fig. 1¢). In addition, chiral materials are extensively studied due to their different response to left-
handed and right-handed circularly polarized light [2]. We utilize material chirality with coupled waveguides to
create novel guiding behaviors, first in coupled waveguides with balanced gain and loss separated by a chiral
material (Fig. 1a), then by coupling a waveguide with large chirality to an achiral waveguide (Fig. 2a). We simulate

these structures with the finite element method using the SimPhotonics software, a Matlab toolbox developed at
the Laboratoire Charles Fabry.
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Figure 1: (a) PT-symmetric waveguides with a chiral gap. Dispersion for gap: (b) 12nm, (c¢) 32nm (d) 44nm. Dashed
and solid lines refer to achiral and chiral gaps, respectively.

Two rectangular PT-symmetric waveguides are considered, one with gain and the other with loss (Fig. 1a),
separated by a gap made of achiral or chiral material (purple in Fig. 1a) [3]. The mode dispersion is plotted by
varying the gain-loss parameter y. We focus our analysis on three modes: two modes of a TE-polarized PT fork
and one mode of a TM fork. The introduction of chirality in the gap enables coupling between TE and TM modes
when their dispersions cross (degeneracy). When the gap is narrow (<20nm) and achiral, a crossing occurs between
the TM and TE mode (red and blue dashed lines in Fig. 1b). In contrast, an anti-crossing appears when chirality is
introduced in the gap (solid lines in Fig. 1b). For medium-sized gaps (around 30nm), the TM mode crosses the EP
for an achiral gap, where 2 TE modes coalesce (dashed lines in Fig. 1¢). All three modes then interact under the
effect of chirality, giving rise to a hybrid dispersion (solid lines in Fig. 1c). The anti-crossing width reaches values



close to a homogeneous chiral medium, despite the narrowness of the gap. For a larger gap (>40nm), the TM mode
crosses the lower TE mode (red and gold dashed lines in Fig. 1d). Interestingly, their chiral interaction leads to the
appearance of a PT-broken zone, followed by a ‘symmetry recovery’ zone (solid lines in Fig. 1d).
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Figure 2: (a) Coupled chiral and achiral waveguides. Dispersion for gap of: (b) 200nm, (¢) 100nm.

Exceptional points were recently achieved without gain or loss by coupling forward- and backward-
propagating modes [4]. Furthermore, giant chirality can access negative refractive states, and thus backward mode
propagation, without the necessity of simultaneous negative permittivity and permeability [5]. We combine these
two approaches by examining the coupling between a slab with giant chirality and a thicker achiral waveguide
(Fig. 2a). Their dispersion as a function of wavelength highlights important interactions. The modes of the achiral
waveguide (red and blue dashed lines in Fig. 1b,c) are forward, while the chiral waveguide presents a backward
mode (green dashed line). Figure 1b shows the dispersion for a 200nm air gap (solid lines). The interaction of
forward and backward modes creates a PT-like ‘broken zone’ around each chiral-achiral crossing. When the gap
is sufficiently small (e.g., 100nm, solid lines in Fig. 1c), the two zones merge to create one broken zone.
Interestingly, the forward mode (blue) that crosses this large PT-broken zone gradually evolves from the higher
order achiral mode (shorter L) to the lower-order achiral mode (longer 1), by hybridizing with the broken modes
during the transition.

Overall, chirality induces a rich variety of dispersion patterns with non-Hermitian features. On the one hand,
with balanced gain and loss, chirality couples polarizations to create anti-crossings and broken zones. On the other
hand, when a large-chirality backward mode interacts with a forward mode, an exceptional point appears in a
device, intriguingly, without gain and loss.
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