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Crossing the exceptional point in a fiber-plasmonic waveguide
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Abstract. We experimentally demonstrate a hybrid plasmonic fiber with tuneable Eigenmode interactions
near the exceptional point. We experimentally observe a transition through the exceptional point in a fiber-

plasmonic system: transmission experiments reveal fundamental changes in the underlying Eigenmode

interactions as the environmental refractive index is tuned due to a crossing through the plasmonic exceptional
point. These results extend the design opportunities for tunable non-Hermitian physics to plasmonic

waveguide systems.

1 Introduction

Photonics is the ideal landscape for investigating non-
Hermitian physics, where tailored amounts of optical gain
and loss can be introduced into a photonic system to
unlock otherwise inaccessible Eigenmode topologies [1].
Recent technological advances have shown many far-
reaching applications [2], which rely on the unique
characteristics of the Eigenstates close to exceptional
point (EP) — where the system’s Eigenvalues coalesce to
a degenerate point that is highly sensitive to the
environment — including sensitive modal manipulation,
topological energy transfer, unidirectional propagation,
and  polarization conversion. These advances
fundamentally rely on the unique characteristics of the
eigenstates close to the EP: for example, nanoscale events
can be detected by measuring their impact on macroscopic
eigenstates [3].

Surface plasmon polaritons (SPP) [4], i.e.,
propagating surface waves at a metal-dielectric interface,
can also be harnessed in the context of non-Hermitian
photonics due to their dissipative nature [1]. The high
sensitivity of SPPs to refractive index (RI) changes of the
environment makes them attractive for sensing
applications, leading to intensive research efforts in
hybrid dielectric-plasmonic waveguides that can be
straightforwardly interfaced with commercial light
sources [5]. Such waveguides are inherently non-
Hermitian and can therefore provide a platform for
accessing EP-based functionality. A recent report
presented nanostructures with localized plasmon
resonances that show discrete frequency spectra [6], but
experimental observations of EPs in plasmonic
waveguides have so far been limited. Here, we present
measurements of the transition across the plasmonic EP in
a waveguide system, namely a tuneable hybrid plasmonic
fiber [7].
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2 Device Design and Characterization

A schematic of the experiment is shown in Fig. 1(a). The
system is formed by a cylindrical SiO, waveguide
(diameter: 20 um) coated with a 30 nm gold nanofilm,
surrounded by a liquid of a certain RI nip. Figure 1(b)
show the properties of the real- and imaginary- parts of
the two supported Eigenmodes (EM;, j=1,2) that can be
tuned by changing nip: here the real part of the effective
indices either crosses or anti-crosses at a resonant
wavelength Ar, depending on nip. A transition between the
two regimes occurs at the EP.

(a) fundamental

made ; 4 A
Nleraction,
-'G'ngfh ?

SiO, taper
analyte

(d=20um) y
(np=1.39-1.44)

in
ui,

out
go/rd ﬁlm\
(t=30nm)

]
140 143737709 N
Nip ’

Fig. 1. (a) Hybrid fiber-plasmonic waveguide schematic. A
silica fiber coated by a gold nanofilm is immersed in a liquid
with RI of nip and length €. (b) Calculated spectral distribution
of Re(nerr,j — netr.p) (j=1,2, nest,n: equivalent dielectric waveguide
without gold film) and Im(ner) for EM1 and EM2 as a function
of MAr
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Fig. 2. (a) Calculated transmitted power at three example Rls.
(b) Circles: measured on-resonance transmission as a function
of £ for different analytes as labeled, showing the a crossing of
the EP. Dashed lines show the full resonance spectrum
centered in each transmission minimum (i.e., the horizontal
axis of each spectrum is scaled by a factor £/Ar [7]). Dashed
lines: fitted loss as labeled

Calculations show that the transition across the EP can
be inferred from the transmission properties of this
waveguide system by changing nip. Figure 2(a) shows the
calculated transmitted power due to the modal evolution
of the two hybrid EMs excited by the fundamental mode
of the dielectric waveguide [8] at Az. The anti-crossing
regime npp=1.44 shows an oscillating damped spatial
energy distribution, [Fig. 2(a) bottom], while within the
crossing regime (nip=1.40), no such oscillations are
observed [Fig. 2(a), top]. At np=1.42 we find that the
transmission monotonically decays with the highest
overall loss [Fig. 2(a), middle].

We perform a comprehensive series of transmission
experiments on the above system [7] — different
interaction lengths are realized by liquid columns of
different length. Figure 2(b) shows measurements of the
on-resonance power T vs. Ar under different conditions:
for np=1.440 we measure a periodic energy exchange
between the waveguides (i.e., the anti-crossing regime); a
lower nip <1.438 yields an exponentially decreasing
power with no oscillations (i.e., the crossing regime).
Finally, an intermediate refractive index nip=1.438 shows
no oscillations and the highest loss — a confirmation that
the EP was locked via the additional degree of freedom of
tuning nip. Since this device operates near the plasmonic
cutoff, this sensor has a sensitivity >50pum/RIU for
nip>1.43 [7], which, to the best of our knowledge, is one
of the highest values measured for a plasmonic device to
date.

3 Conclusions and Future Directions

In conclusion, we have presented a plasmonic fiber
operating close the exceptional point. Our platform
extends the capabilities of tuneable non-Hermitian
photonics near the EP to plasmonic waveguides. The
results presented here apply to any non-Hermitian
waveguide, and immediately provide design tools for
future EP-based photonic devices. Preliminary
calculations show that this design can be easily modified
to operate in the visible regime with a reduced footprint.
The unique dispersion characteristics near the EP widen
the scope of plasmonics-related applications. For
example, this structure can be easily modified for compact
operation in the visible regime and at a biologically
relevant refractive index (np ~1.33): preliminary
calculations reveal that a scaled-down version of the
above structure in contact with a gold nanofilm possesses
an exceptional point at nip = 1.330, by phase-matching
with the short-range surface plasmon polariton [8] at A ~
560nm. This device possesses a significantly smaller
footprint, both in terms of lateral dimensions (one order
of magnitude smaller) and interaction length (four orders
of magnitude shorter), while operating in the visible
regime. The same principles could be further applied to
chip-scale devices with dimensions further reduced by
one order of magnitude, e.g. using hybrid plasmonic
waveguides modules [9]. These devices could find
important applications in convenient, monolithic
plasmonic biosensors of single-molecule events [6].
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