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Exceptional points (EPs), singularities of non-Hermitian physics where complex spectral resonances
degenerate, are one of the most exotic features of nonequilibrium open systems with unique properties. For
instance, the emission rate of quantum emitters placed near resonators with EPs is enhanced (compared to
the free-space emission rate) by a factor that scales quadratically with the resonance quality factor. Here, we
verify the theory of spontaneous emission at EPs by measuring photoluminescence from photonic-crystal
slabs that are embedded with a high-quantum-yield active material. While our experimental results verify
the theoretically predicted enhancement, they also highlight the practical limitations on the enhancement
due to material loss. Our designed structures can be used in applications that require enhanced and
controlled emission, such as quantum sensing and imaging.
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Exploring and taming open, nonconservative systems
has always been a major challenge in physics. This relates
to a plethora of problems from classical to quantum
phenomena: the damping of a pendulum’s swing by sliding
friction, coherent light escaped from the cavity of a diode
laser, harnessing thermal radiation for radiative cooling,
and decoherence mechanisms in quantum systems. The
past few years have witnessed the triumph of non-
Hermtiticy as the modern approach to describing noncon-
servative mechanisms in a broad range of open systems [1—
3]. These systems, theoretically described by non-
Hermitian Hamiltonians, would exhibit peculiar features
with no Hermitian counterparts. One may cite the non-
Hermitian extension of topological matter [4] and the
formation of bound states in the continuum resulted from
destructive interference of losses [5]. Exceptional points
(EPs) are prototypical examples of a unique degeneracy
that can occur in non-Hermitian systems [6-9] in which at
least two eigenvectors and associate complex eigenvalues
simultaneously coalesce. Fundamentally, EPs represent
singularities of non-Hermitian topology [10-12]. For in-
stance, in the case of isolated EPs, two eigenstates can be
swapped when adiabatically encircling an EP in the
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parameter space [13-16], a direct consequence of the
isolated EPs’ half topological charges. Because of their
topological nature, many other intriguing phenomena were
discovered in systems with EPs such as unidirectional
transmission or reflection [8,17,18], loss-induced trans-
parency [19], topological chirality [15,20], and chirality-
reversal radiation [21]. For device applications, novel
concepts for making sensors with higher sensibility [22—
27] and lasers with intriguing properties [28—36] using EP
properties have been suggested and implemented.

Recent theoretical work unraveled the mystery regarding
the apparent divergence of the emission enhancement at
EPs (i.e., the so-called Peterman factor) and predicted
unique spectral features with substantial but finite enhance-
ment at EPs [37,38]. However, experimental verification of
these results was missing until very recently [39]. In
Ref. [39], the authors show that, for the application of
sensing, the enhancement of the Petermann factor near the
EP is accompanied by a commensurate increase in the noise
signal. Therefore, the signal-to-noise ratio is not dramati-
cally improved near the EP, and that limits the applicability
of the EP effect in gyro-based sensing applications. While
LDOS enhancement near EPs offers limited improvement

© 2022 American Physical Society
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FIG. 1. Sample and analytical model. (a) Sketch of the passive sample composed of a hydrogen silsesquioxane (HSQ) grating on top

of a Bragg mirror (nine SiO,-SiN pairs) with a 44 nm spacing layer of SiO2. The grating period a is 500 nm, with a spacing of a x FF,
with 0 < FF < 1 the filling factor. (b) Atomic Force Microscopy (AFM) image of the passive sample. (c) Electric field distribution
simulation of the bright and dark modes at wave vector k = 0. (d) Energy of the dark and bright modes as a function of the filling factor
(FF). The star symbols are experimental data and the lines are results obtained from rigorous-coupled wave analysis simulations [47—
49]. (e) and (f) Real and imaginary parts of the system eigenvalues as a function of the wave vector k, in the direction of the grating, and
the energy gap A between the two modes. The two EPs, i.e., simultaneous degeneration of the eigenvalues’ real and imaginary parts, are
indicated with green stars. (g) Argument of the complex gap, ® = Arg(Q, — Q_), revealing the half-topological charges of EPs. The
two yellow points indicate the two isolated EPs and the blue line the bulk Fermi arc (BFA).

in sensing capabilities [39], the implication of EPs for
enhanced emission is much more promising since the
enhancement of spontaneous emission near EPs in actively
pumped structures is theoretically unbounded [38]. Here,
we report on the first experimental demonstration of
spontaneous emission enhancement at EPs. In particular,
we design an experimental platform to demonstrate and
analyze the enhancement at EPs taking full account of
realistic constraints. The EPs are directly observed from
angle-resolved reflectivity measurements, and their LDOS
enhancement is revealed via photoluminescence signal
when a high-quantum-yield active material is implemented
into the system. A finite LDOS enhancement factor was
measured and is in perfect agreement with the analytical
value predicted by recently proposed theory on LDOS at
EPs [38] in the framework of an analytical non-Hermitian
model. This result is an essential step toward using EPs in
applications as engineering LDOS is at the heart of most of
light-matter interaction mechanisms such as accelerating
and directing spontaneous emission, tailoring light-harvest-
ing efficiency, enhancing photonic nonlinearity and mold-
ing photonic transport.

To engineer isolated EPs, we employ subwavelength
unidimensional (1D) photonic lattices exhibiting lateral

mirror symmetry —x — x [see Figs. 1(a) and 1(b)] and
study the band structures in the vicinity of the first band gap
at I point. The two eigenmodes of this gap are transverse
electric modes of opposite parities, and are accordingly
denoted in the following as dark (antisymmetric) and bright
(symmetric) modes [see Fig. 1(c)]. The dark mode cannot
couple to the radiative continuum and corresponds to a
symmetry protected bound state in the continuum with zero
radiative losses [40,41]. Consequently, by playing with a
set of two or more uncorrelated parameters, it is possible to
make the dark and bright modes coalesce into EPs [40-42].
Using the dark and bright states as a basis, the eigenmodes
in the vicinity of I can be described by a non-Hermitian kp
Hamiltonian (more information in the Supplemental

Material [43])
)0 )

(1)

In the Hermitian term of (1), A is the energy gap between
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FIG. 2. Experimental investigation on two isolated EPs. (a) to (c), Angle-resolved reflectivity measurements (left panels) and
corresponding numerical simulations (right panels) of the sample for A = —21 meV (a), A = 0.48 meV (b), and A = 24 meV (c). (d)
and (e) Real and imaginary parts of the experimental (left, dots) and simulated (right, dots) eigenvalues of the structure with EPs in

(b) compared with the analytical model (lines) given by (1). At A

= AEP and for k < |kEP

, the real part of the eigenvalues is almost

degenerated, and it is only possible to extract the bright branch from the experimental data. The parameters used for the analytical

models are A = 0.48 meV, E, = 2.405 eV, v = 100 meV ym™',

exceptional points are located at +0.04 ym™".

order is included. In the non-Hermitian term of (1), y,, is the
radiative loss of the bright mode and y,, the nonradiative
loss of both modes. Interestingly, together with the wave
vector k, the energy gap A can be implemented as a
synthetic dimension, to form a two-dimensional parameter
space g = (k,A). These two parameters are effectively
independent of each other as the wave vector £ is related to
the angle of far-field radiation, whereas the energy gap A is
dictated by the grating filling factor (FF) [see Fig. 1(d)].

The mapping of the real and imaginary parts of the
eigenvalues of (1) are plotted in Figs. 1(e) and 1(f),
respectively. One can observe that they are simultaneously
degenerated at two EPs of coordinates: kgp = £(y,/2v,),
and Agp = —&.|kgp|. The isolation and topological nature
of these EPs are revealed from the texture of the phase
®(k,A) which is defined by the argument of the
two eigenvalues complex difference, ® = arg(Q, — Q_)
[10,11]. As shown in Fig. 1(g), one can observe two
isolated EPs, both possessing half-topological charges, in
the 2D synthetic space. Indeed, encircling each EP accu-
mulates a vortex phase that is equal to £z [see Fig. 1(g)],
with corresponding winding numbers (1/27) ¢, dgV,® =
:I:% [10,11]. Finally, these two EPs are connected by a bulk
Fermi arc, given by A = —k?, along which the real part of
eigenvalues are degenerated [13].

8 = —300 meV um=2, y, =7.5 meV, and 7,, = 3.8 meV. The

Reflectivity experiments are performed to evidence the
two isolated EPs predicted by the analytical model.
Figures 2(a)-2(c) present the experimental angle-resolved
reflectivity maps (left panels) and the numerically simu-
lated ones (right panels), for three different values of A:
(a) A < Agp, (b) A = Agp, and (c) A > Agp. In Figs. 2(a)
and 2(c), one can easily identify the dark mode for which
the radiative resonance vanishes at kK =0 due to its
antisymmetric parity. These figures also evidence the
inversion of the two bands when the difference A — Agp
switches sign. Importantly, for A = Agp in Fig. 2(b), the
two bands coalesce at two EPs located at kpp =
+0.04 um~'. To further confirm the EPs formation, the
real and imaginary parts of the eigenvalues are, respec-
tively, retrieved from the spectral position of the resonance
dips and their linewidths. These experimental values are
depicted in Figs. 2(d) and 2(e), which exhibit a very good
agreement with the numerical simulation results and are
nicely reproduced by the analytical model.

To probe the LDOS at the isolated EPs, a 15 nm-thick
layer of CsPbBr; perovskite colloidal nanocrystals is
deposited on the sample [50]. The choice of this active
material is based on two advantages: first, they can sustain
near-unity photoluminescence quantum efficiency at the
EPs wavelength [51,52], thus, the LDOS is directly
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FIG. 3. LDOS enhancement at the EPs. (a) Experimental LDOS map extracted from the photoluminescence measurements of the
active sample (sample in Fig. 1(a) with an extra 15 nm-thick CsPbBrj layer.). (b) Theoretical LDOS map obtained by using the model on
the LDOS at EPs in [38] and our analytical model. The parameters used for the theoretical LDOS are A = 0 meV, E, = 2.3878 eV,

v =100 meV ym™!

, 6=0meVum™2, y, =5meV, and y,, = 11 meV. (c) Three horizontal isofrequency cross sections, at

@ — wgp = —100, —50, and 0 meV, of the experimental (crosses) and theoretical (lines) LDOS of (a) and (b). Mgp and M, peak
values at the energy of the EPs and the nondegenerate resonances, respectively, (i.e., away from the EPs energy) are indicated.
(d) Experimental (gray dots) and theoretical (black line) LDOS peak values at given energies, M (E) = max;[LDOS(k)], normalized by
the LDOS peak value at the nondegenerate resonances away from the exceptional points, M.

proportional to the emission intensity; and second, they can
be easily implemented into the passive structure by spin
coating with good uniformity.

Figure 3(a) presents the experimental mapping of the
LDOS in the vicinity of the EPs, extracted from the angle-
resolved photoluminescence measurements. Theoretical
predictions, obtained by implementing the Hamiltonian
(1) to the LDOS model from Ref. [38], are depicted in
Fig. 3(b) and reproduce, remarkably well, the experimental
measurements. One can observe from both the experimen-
tal and theoretical maps that the LDOS resonate with the
photonic modes. Most importantly, the LDOS signal is
maximized around the EPs (i.e., at £ = Egp and k = 0),
revealing an enhancement of the LDOS at EPs. Note that
the two EPs can no longer be distinguished from one
another as the nonradiative losses, 7,,,, broaden the two EPs
LDOS peaks.

Further insights of the LDOS enhancement are gained by
examining its distribution in momentum space at a given
energy LDOSg(k). Such distribution is simply obtained
from an isofrequency cross section of the LDOS map. As
an illustration, Fig. 3(c) shows three cross sections of the
experimental and theoretical LDOS of Figs. 3(a) and 3(b),
corresponding to £ — Egp = —100, —50, and 0 meV. As for
the LDOS maps, again, we have a very good agreement
between experiment and theory. From these momentum-
resolved distributions, the LDOS peak M(E) =
max;[LDOSg (k)] is retrieved. Figure 3(d) compares the
experimental (gray dots) and theoretical (black line) spec-
trally resolved LDOS peaks. The profile of the experi-
mental M(E) in the vicinity of the EPs’ energy is nicely
matched to the theoretical M(E) in terms of linewidth and
amplitude. For energies away from the EPs’ energy, a

deviation occurs between experiment and theory. This is
explained by the coupling of the nanocrystals emission to
additional band-folded Bragg modes [43], which are not
considered in our effective theory. Finally, particular
attention is paid to the LDOS peaks at the EPs, Mgp,
and away from the EPs, M, both indicated in Figs. 3(c)
and 3(d). The experimental LDOS enhancement corre-
sponds, then, to the ratio between Mgp and M, giving a
value of 2.56. This experimental finding answers to the
fundamental question of the LDOS enhancement at EPs as
the enhancement remains finite despite the nonorthogon-
ality of the eigenvectors as predicted in recent theories [38].
Furthermore, the experimental results shown in Fig. 3 are
well explained by the theory on LDOS at EPs [38].

In our system, the modal degeneracy at the EP produces
an enhancement factor of 2.56. This implies that the
intensity at the EP is 2.56 times stronger than that of a
single nondegenerate resonance (which is enhanced by the
traditional Purcell factor). The excess emission comes from
the degeneracy and the nonorthogonality of the modes.
Since the enhancement at an ordinary degeneracy is
bounded by two, the fact that our enhancement factor
exceeding two proves the presence of an EP [53]. This
factor of 2.56 can be improved by using high-order passive
EPs [37]. Alternatively, by adding gain, this value can also
increase at second-order EPs [38]. Although increasing the
gain would inevitably increase y,,,., recent work shows that
it is possible to achieve high gain with low loss by utilizing
hybrid light-matter polaritonic modes that arise from the
strong-coupling regime between excitons of quantum wells
and photons in photonic crystal [54].

In conclusion, the recent theoretical predictions on the
LDOS enhancement at EPs [38] have been confirmed
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experimentally while taking full account of realistic con-
straints from a photonic-crystal slab platform. In our
experiment, a finite enhancement factor of 2.56 has been
measured and is in good agreement with the one given by
our analytical theory. Our results open the way to LDOS
engineering in non-Hermitian photonics for novel opto-
electronics devices such as lasing operating at EPs when
important gain medium is introduced, or nonlinear optics
harnessing LDOS enhancement [55]. Finally, while this
Letter only studies the radiation of an ensemble of quantum
dots at EPs, the effect of EPs on spontaneous emission of
single quantum emitters [21] is a salient perspective to
explore the new regime of cavity-quantum electrodynamics
for novel single photon sources. For example, by perform-
ing temporal dynamic experiments on single emitters, our
platform could be used to demonstrate the recent prediction
from Ref. [56] of the increased lifetime of quantum
excitations near EPs.
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