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Exceptional points (EPs), branch points of complex energy surfaces at which eigenvalues and
eigenvectors coalesce, are ubiquitous in non-Hermitian systems. Many novel properties and applications
have been proposed around the EPs. One of the important applications is to enhance the detection
sensitivity. However, due to the lack of single-handed superchiral fields, all of the proposed EP-based
sensing mechanisms are only useful for the nonchiral discrimination. Here, we propose theoretically and
demonstrate experimentally a new type of EP, which is called a radiation vector EP, to fulfill the
homogeneous superchiral fields for chiral sensing. This type of EP is realized by suitably tuning the
coupling strength and radiation losses for a pair of orthogonal polarization modes in the photonic crystal
slab. Based on the unique modal-coupling property at the vector EP, we demonstrate that the uniform
superchiral fields can be generated with two beams of lights illuminating the photonic crystal slab from
opposite directions. Thus, the designed photonic crystal slab, which supports the vector EP, can be used to
perform surface-enhanced chiral detection. Our findings provide a new strategy for ultrasensitive
characterization and quantification of molecular chirality, a key aspect for various bioscience and
biomedicine applications.

DOI: 10.1103/PhysRevLett.124.083901

Chirality plays a crucial role in modern biochemistry and
the evolution of life [1,2]. Many biologically active
molecules are chiral, and detecting and characterizing
chiral enantiomers of these biomolecules are of consid-
erable importance for biomedical diagnostics and pathogen
analyses [3–5]. The molecular chirality discrimination can
be realized with circular dichroism (CD) spectroscopy
describing the difference in molecular absorption of left-
and right-handed circularly polarized lights (CPLs) [6,7]. In
general, the molecular CD signal is typically weak; thus,
chiral analyses by such a spectroscopic technique have
usually been restricted to analysis at a relatively high
concentration [8–11]. Early works proposed by Tang and
Cohen [12,13] have shown that the enantioselectivity of
optical excitation of a molecule is highly dependent on the
chirality of the optical field, and so it stands that the
superchiral field, which possesses larger optical chirality
than CPLs, can lead to significant enhancement of enan-
tioselective excitation of chiral molecules, allowing for

ultrasensitive detection and characterization of chiral mol-
ecules. Remarkably, the potential of superchiral fields is far
more beyond enhancing the difference of absorption
between enantiomers, it triggers the development of almost
all the spectroscopy technologies related to the optical
activity phenomenon, from Raman optical activity and
fluorescence CD to optical rotation. The superchiral field
can also enhance the difference between total optical forces
on enantiomers, which promises the development of
application for chiral molecule sorting. Recent investiga-
tion has shown that the superchiral field has a potential
application in the enantioselective conversion in reactions
[14], extending its use from the all-optical areas to photo-
chemistry fields. Because of its high importance in all these
applications, the superchiral field has bloomed in the last
ten years, and intense theoretical and experimental studies
have been devoted to the generalization of strong super-
chiral near fields with the help of artificial nanostructures
[15–25]. Despite this progress, many schemes suffer from
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high optical losses [15–25], extrinsic CD caused by the
nanostructure itself [24], and different handedness of chiral
near fields [15–25]. Thus, how to engineer the achiral
nanostructure to produce strong single-handed superchiral
fields remains challenging.
On the other hand, in contrast to Hermitian systems,

special degeneracies called exceptional points (EPs) widely
exist in the non-Hermitian systems [26–28]. Both the real
and imaginary parts of the eigenvalues coalesce at this
point. The EPs have been observed in many photonic
systems, such as optical microcavities [29,30], coupled
optical waveguides [31–33], photonic crystal slabs
[34–37], and unidirectionally coupled resonators [38,39].
Many novel properties are also found at or near the EPs,
such as loss-induced suppression and revival of lasing
[40–42], unidirectional transmission or reflection [43–48],
topological chirality [49–51], and laser mode selectivity
[52–54]. Recently, the photonic nanostructures, which
sustain higher-order EPs, have been demonstrated to be
achievable and can be used for ultrasensitive nanoparticle
sensing [55–61]. However, these nanosystems, which
cannot create single-handed superchiral near fields, are
not suitable for chiral discrimination. It is therefore relevant
to ask whether strong superchiral fields can be created and
the ultrasensitive chiral detection can be realized with the
help of EPs.
In this Letter, we experimentally demonstrate a new type

of EP called the radiation vector EP. This type of EP is
created by suitably tuning the coupling strength between
two orthogonal polarization modes and their radiation

losses in the photonics crystal slab. The eigenstate of this
vector EP possesses strong and homogeneous superchiral
fields. Based on the temporal coupled-mode theory, we find
that two orthogonal polarization modes are nearly coupled
to the opposite output ports at the vector EP. In this case, the
strong superchiral fields can be generated near the photonic
crystal slab excited with two beams of lights coming from
opposite directions. Thus, our study opens up a new way
for ultrasensitive detecting of molecular chirality.
We consider a photonic crystal slab with a square array

of cylindrical holes (periodicity a, diameter d, and thick-
ness h) coated on a substrate, as shown in Fig. 1(a). The
refractive indexes of the background, photonic crystal slab,
and substrate are labeled by nb, np, and ns, respectively. At
the Γ point of the Brillouin zone, the system processes C4v
symmetry, where both one- and two-dimensional irreduc-
ible representations exist. Based on the symmetry argu-
ments, only doubly degenerate Bloch modes can couple
with free space, which gives rise to radiation losses. We
first consider the structure, which is symmetric with respect
to the z ¼ 0 plane (nb ¼ ns). For such a structure, the
Bloch modes can be classified into two types with
symmetric (TE-like) and antisymmetric (TM-like) distri-
butions of electric fields. By tuning the diameter of the
cylindrical hole (d) and the thickness of the photonic crystal
slab (h), a pair of doubly degenerated TM- and TE-like
modes can be spectrally close to each other and far from
other modes. In this case, the system can be effectively
described by a 4 × 4 non-Hermitian Hamiltonian (at the Γ
point in the Brillouin zone),

Hsym ¼

2
6664

ω1
TE þ iγ1TE 0 0 0

0 ω1
TM þ iγ1TM 0 0

0 0 ω2
TE þ iγ2TE 0

0 0 0 ω2
TM þ iγ2TM

3
7775; ð1Þ

with ωi
TEðTMÞ and γiTEðTMÞ (i ¼ 1, 2) being the resonant frequency and the decay rate of the degenerated TE-like (TM-like)

modes. Moreover, these parameters satisfy the relationship of ω1
TEðTMÞ ¼ ω2

TEðTMÞ and γ1TEðTMÞ ¼ γ2TEðTMÞ.

By breaking the up-down symmetry (nb ≠ ns), the orthogonal TE- and TM-like modes can couple with each other. In this
case, the effective Hamiltonian of the system can be written as

Hasym ¼

2
6664

ω1
TE þ iγ1TE κ 0 0

κ� ω1
TM þ iγ1TM 0 0

0 0 ω2
TE þ iγ2TE κ

0 0 κ� ω2
TM þ iγ2TM

3
7775; ð2Þ

where κ quantifies the coupling strength, which can be
tuned by changing the background refractive index nb to
control the breaking degree of the up-down symmetry. In
this case, the interaction Hamiltonian [0, κ; κ�, 0] is a
Hermitian operator because the interaction between the

TE- and TM-like modes is caused mainly by the evanescent
field instead of far-field coupling via the radiation con-
tinuum. By tuning the coupling strength between the
orthogonal polarization modes and their radiation losses
(through changing the geometric parameters of the system),
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the eigenvectors of Hasym can coalesce, giving rise to one
pair of degenerated exceptional points. Such EPs are very
different from that existing in the symmetric photonic crystal
slab described in Ref. [34], where only TE-like modes are
coupled.Here, our proposedEP is formed by twoorthogonal
polarizationmodes in the asymmetric photonics crystal slab,
and it can be called the radiation vector EP.
Figures 1(b) and 1(c) show the real and imaginary parts

of the band structure in the two-parameter space (each band

is doubly degenerated), where the refractive index of the
background and thickness of the photonic crystal slab are
swept. The remained parameters are chosen to be
a ¼ 259 nm, d ¼ 136 nm, np ¼ nðSi3N4Þ ¼ 2.02, and
ns ¼ nðSi2O3Þ ¼ 1.47, respectively. The eigenvalues of
the system are calculated by the eigenfrequency solver
of COMSOL Multiphysics. It is clearly shown that both the
real and imaginary parts of the eigenspectra possess
the characteristics of a self-intersecting Riemann surface.

FIG. 1. (a) Diagram of the asymmetric photonics crystal slab. The (b) real and (c) imaginary parts of the eigenvalues for the system in
the two parameters space, where the background refractive index and the thickness of the photonic crystal slab are swept. Other
parameters are chosen as a ¼ 259 nm, d ¼ 136 nm, np ¼ 2.02, and ns ¼ 1.47, respectively. (d) The real and imaginary parts of
eigenvalues for the system as a function of the refractive index of the background medium when the thickness of the photonic crystal
slab is fixed at h ¼ 154.2 nm. (e) The optical chirality of the eigenmode at the vector EP. The red and green arrows correspond to the real
and imaginary parts of the electric and magnetic fields.
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The EP marks the branch point where the Riemann surface
splits. In Fig. 1(d), we further plot the real and imaginary
parts of eigenvalues for the system as a function of the
background refractive index when the thickness of the
photonic crystal slab is fixed as h ¼ 154.2 nm. It proves
the existence of the EP when the background refractive
index is set as nb ¼ 1.3845 (both the real and imaginary
parts of eigenvalue being identical). Except for the square-
root dispersion around the EP, the other important feature of
the EP is that the corresponding eigenstates should also be
coalesced. In Sec. I of the Supplemental Material [62], we
present the numerical results of eigenfield distribution with
different background mediums. We found that the eigen-
field distribution for the two hybridized eigenstates
becomes more and more similar to each other with the
system approaching the exceptional point, which demon-
strates the coalesce of eigenvectors.
This vector EP possesses a potential application for the

realization of strong and single-handed superchiral fields.
Other previous work [20] have proved that the excitation of
TE (or electric) and TM (or magnetic) modes with π=2
phase shift is necessary to achieve the spatially homo-
geneous superchiral fields (locally displaying greater
optical chirality than CPLs). In this consideration, our
proposed vector EP may become a suitable candidate for
this purpose. This is because the eigenmode of our
designed vector EP [ψðEPÞ] (ψ ¼ ½Ex Ey Ez Hx Hy Hz�)
can be expressed as. ψðEPÞ ¼ ψðTEÞ − iψðTMÞ. Taking
the x-polarized case, for example, close to the central
plane, the ψðTEÞ and ψðTMÞ take the forms of

ψðTEÞ¼½EðTEÞ
x 0;0;0;0;HðTEÞ

z � and ψðTMÞ ¼ ½0 0; EðTMÞ
z ;

HðTMÞ
x ; 0; 0�, respectively. Thus, at the EP, the modal

electric fields possess a large component parallel to the
magnetic fields. The blue and green arrows in Fig. 1(e)
show the real part of electric fields and the imaginary part
of magnetic fields in a unit cell of the photonic crystal slab
for the EP. At each location, the electric field has a large
component parallel to the magnetic field. Such a phenome-
non is absent if the mode is purely TE or TM polarized.
From the definition C ¼ −ε0ωImðE�BÞ=2, these parallel
and 90° out-of-phase electric and magnetic fields lead
to a uniform and single-handed optical chirality field.
Consequently, net superchiral fields may be produced by
effectively exciting the photonic crystal slab at the vector
EP. In this case, our designed vector EP can be used for
ultrasensitive chiral detection.
To verify our theoretical design of the vector EP, we

fabricate a Si3N4 photonic crystal slab on top of the silica
substrate using electron beam lithography (see Sec. II in the
Supplemental Material for details [62]). Scanning electron
microscope images (both side and top views) of the sample
are shown in Fig. 2(a). The sample is about 50 × 50 μm2

and the period of the square lattice is a ¼ 259 nm. The
thickness and diameter of the cylindrical holes are h ¼ 154
and d ¼ 136 nm, respectively. These parameters are nearly

identical with the structure, sustaining the vector EP
discussed above. The only difference is that the absorption
loss of the Si3N4 photonic crystal slab should be considered
in the real experiments, where the refractive index of Si3N4

is chosen as nðSi3N4Þ ¼ 2.02þ i0.003. It is worthy to note
that the vector EP still exists even if the photonic crystal
slab possesses small intrinsic losses [see Figs. S2(a) and S2
(b) in the Supplemental Material [62] ]. Based on the
eigenspectra calculation, we find that two modes can merge
into one at the vector EP by increasing the background
refractive index [shown in Fig. S2 [62] and Fig. 1(d)]. This
special property can be illustrated through the calculated
and measured transmission spectra.
We first calculated the transmission spectra of the above

structure, where the photonic crystal slab is immersed into
various background media (air, water, and sucrose solu-
tion). As shown in Fig. 2(b), the black line marks the
transmission spectrum with the background medium being
air. Two separated valleys correspond to the excitation of
TE- and TM-like modes. Because of the intrinsic loss of the
Si3N4 photonic crystal slab, the transmittivities at these two
valleys are not equal to zero. The red and blue lines
correspond to cases where the background media are water
and sucrose solutions, respectively. We found that the two
separated valleys get much closer when the system is
immersed into water (nb ¼ 1.33). Finally, a single valley of
the transmission spectrum appears when the refractive
index of the background medium reaches nb ¼ 1.385. In
this case, the vector EP is proved to be achieved.
To experimentally demonstrate the realization of the

vector EP, the transmission spectra within different back-
ground media are measured by using the homemade
experimental setup [63], as shown in Fig. 2(c). Details

FIG. 2. (a) Side and top views of the scanning electron
microscope images for the fabricated sample. The geometric
parameters of the fabricated samples are, a ¼ 259, d ¼ 136, and
h ¼ 154 nm, respectively. (b),(d) The calculated and measured
transmission spectra of the structure possessing the vector EP.
The black, red, and blue lines and dots correspond to the
conditions with the structure immersing into air, water, and
sucrose solution, respectively. (c) Experimental setups for the
measurement of transmission spectra.
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of measurement system are provided in Sec. II in the
Supplemental Material [62]. The measured transmission
spectra are plotted in Fig. 2(d). We find that the two
separated modes can coalesce into one when the concen-
tration of sucrose solution reaches 75% (nb ¼ 1.385). The
measured results with different concentration of sucrose
solution are plotted in Fig. S3 [62]. This phenomenon
possesses a good agreement with numerical results. The
extra little dip (near 448 nm in 75% sucrose solution),
which should not exist ideally, may result from the defect
mode caused by fabrication errors or nonvertical illumi-
nation of the system. The lower Q factor (larger width of
the transmission spectra) compared with the theoretical
prediction may result from the finite size effect of samples
(about 50 × 50 μm2) and scattering losses caused by
fabrication imperfections and disorders [64].
Although the eigenstate of our designed vector EP

possesses single-handed optical chirality [shown in
Fig. 1(e)], it is not a simple task to effectively excite it.
This is because the asymmetric structures always support
different near-field distributions and electromagnetic
responses when they are excited from different directions
[65]. In this case, how to excite the asymmetric photonic
crystal slab to create the single-handed superchiral field at
the vector EP is unclear.
In order to explore the excitation property of TE- and

TM-like modes, we develop the temporal coupled-mode
theory for the system with two resonance modes and a pair
of radiation channels (up- and downward ports). The
analytical model is given in Sec. S4 of the Supplemental
Material [62]. By using the proposed temporal coupled-
mode theory, the modal excitation with different incident
wavelengths and directions can be clearly analyzed. Here,
the used parameters are identical with the structure [used in
Fig. 1(e)] possessing the vector EP. As shown in Fig. 3(a),
we plot the variation of absolute values for the normalized
excitation strength of TE-like (blue dot) and TM-like (red
dot) modes as functions of the wavelength for the incident

plane wave propagating along the þz direction (incident
from the substrate). It is clearly shown that the TM-like
mode is mainly excited at the vector EP and the excitation
strength for the TE-like mode is minimum in this case. In
contrast, when the incident light is coming from the−z axis
(incident from the background), the TE-like mode can be
significantly excited and the TM-like mode is nearly not
raised, as shown in Fig. 3(b). Consequently, it is clearly
shown that the TM-like (TE-like) mode is significantly
coupled to the upward (downward) port at the vector EP.
In this case, the homogeneous superchiral fields cannot be
created near the photonic crystal slab excited by a single
beam of the plane wave coming from either the up- or
downward port. Hence, a new excited method should be
proposed to generate the single-handed superchiral field at
the vector EP.
Based on the modal-coupling property at the vector EP,

we design a feasible scheme to generate the single-handed
superchiral field at the vector EP by using two beams of
CPLs to excite the system from opposite directions, as
shown in Fig. 4(a). Figure 4(b) shows the averaged
enhancement of C=C0 in the cylindrical hole of the
photonic crystal slab with different thicknesses. C0 is the
averaged optical chirality of the CPL. We find that
the maximal enhancement of optical chirality appears in
the system sustaining the vector EP (blue line,
h ¼ 154.2 nm). In this case, the corresponding distribution
of the enhancement factor for the optical chirality near the
structure is plotted in Fig. 4(c). It is clearly shown that the
single-handed superchiral field, which is consistent with
the eigenstate at the vector EP [shown in Fig. 1(e)], is
created. When the thickness of the photonic crystal slab
deviated from that of the structure possessing the vector
EPs, the enhancement factor of C=C0 is decreased, as
shown in Fig. 4(b) (black, red, green, and pink lines). From
the above results, we find that our designed photonic crystal
slab sustaining the vector EP can generate the maximal
near-field optical chirality under two beams of excitation

FIG. 3. The variation of absolute values for the normalized excitation strength of TE-like (blue dot) and TM-like (red dot) modes as
functions of the wavelength for the incident light propagating along the þz (a) and (b) −z directions. The structural parameters are
chosen as a ¼ 259 nm, d ¼ 136 nm, np ¼ 2.02, ns ¼ 1.47, nb ¼ 1.385, and h ¼ 154.2 nm, where the vector EP exists in the system.
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from opposite directions. Additionally, it is also important
to note that the generated superchiral fields are also related
to the initial relative phase of the two incident lights coming
from opposite channels. This is because the relative phase
between excited TE- and TM-like modes can also signifi-
cantly influence the chirality of near fields. Only π=2 phase
shift between TE- and TM-like modes can induce spatially
homogeneous superchiral fields (see the Supplemental
Material for details [62]). With the utilization of such
strong and single-handed superchiral fields, our designed
photonic crystal slab can be used to perform surface-
enhanced fluorescence CD and Raman optical activity of
chiral molecules, which are proportional to the optical
chirality at the molecular positions.
In conclusion, we propose theoretically and demon-

strate experimentally a new type of EP, which is called a
radiation vector EP, to realize the strong superchiral fields
for chiral molecular detection. By breaking the up-down
symmetry, the TE- and TM-like modes can couple with
each other and coalesce as the vector EP. With the help of
temporal coupled-mode theory, we propose a scheme to
generate a single-handed superchiral field near the pho-
tonic crystal slab at the vector EP, where two beams of
light are used to excite the system from opposite direc-
tions. By using generated strong and homogenous super-
chiral fields, our designed photonic crystal slab could be
an ideal platform to perform surface-enhanced fluores-
cence CD and Raman optical activity of chiral molecules.
Moreover, by using the concept proposed in our Letter
and the higher-order EP, we could design nanodevices
with much higher sensitivity of chiral detection based on
their resonance shifts. Some candidate systems include
nanostructures with high-quality factors, such as the
photonic crystal cavities, microspheres, or microdisks.
Our findings may provide a guideline for the design of
novel chiral nanosensors for applications in the fields of
biomedicine and pharmaceutics.
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