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The exceptional point (EP) is a significant and attractive phenomenon in an open quantum system. The scattering
properties of light are similar to those in the open quantum system, which makes it possible to achieve EP in the optic sys-
tem. Here we investigate the EP in a Fabry—Pérot (F-P) resonant coupling structure. The coupling between different types
of F-P resonances leads to a near zero reflection, which results in a degeneration of eigenstates and thus the appearing of
EP. Furthermore, the multi-wavelength EPs and unidirectional invisibility can be achieved which may be used in integrated

photonics systems.
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1. Introduction

A non-Hermitian Hamiltonian is used to describe an
open quantum system which is subjected to a dissipation
process.!!l A very important and attractive singular phe-
nomenon called the exceptional point (EP) will arise!?! from
the eigenstates of non-Hermitian Hamiltonian studies. EPs are
branch point singularities of the spectrum. It leads to phe-
nomena including level repulsion and cross, bifurcation, chaos
and phase transitions, which are all attributed to the coales-
cence of both eigenvalues and corresponding eigenstates.3~8]
In the past few years, EP has been achieved in many sys-
tems such as microwave cavities,!”) atom—cavity quantum
composites,'?! exciton—polariton billiards,!'%! optical micro-

cavitiesH1-12 13]

I and waveguides. !
The close analogy of the scattering properties between
optical systems and open quantum systems has attracted a

6,14—

lot of attention. | 161 Generally, optical systems and open

quantum systems have similar scattering form. In electro-
magnetism, for sub-wavelength metallic grating, the long-
lived trapped electromagnetic field modes, which causes
enhanced!!”! and inhibited'®! transmittance, have a similar
way of transient trapping the scattered particles in quantum
mechanics.!!”] Therefore, EPs in an optical system by ma-
nipulating the elements in the corresponding optical scatter-
ing matrix can be achieved. Based on this analogy, Feng et
al. demonstrated the exceptional point in a multilayer struc-
ture by carefully tuning the imaginary part of the refractive
index of the constituent material.l'®! Considering the difficul-
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ties in modulating the refractive index profile in practice, Kang
et al. achieved an EP by tuning the geometric parameters of an
ultra-thin hybridized metamaterial.!'>! In addition, in a Fano-
resonance graphene metamaterial, Liu ef al. achieved an EP
by tuning the chemical potential of graphene.!®!

In this work, we exploit the coupling between two differ-
ent types of Fabry—Pérot (F-P) resonances which are realized
by a composite grating structure. The structure consists of a
thick grating and an ultra-thin grating, which can be used to
support a coupling effect between different F-P resonances.
Owing to the geometric parameters dependent coupling effect,
zero reflection can be observed, which corresponds to the de-
generation of the eigenvalue and further the emergence of an
EP. The extraordinary properties of the eigenvalues and the
topological structure of the EP are investigated. Furthermore,
unidirectional invisibility can be achieved at the EP, where the
structure holds different reflective behaviors from both sides.
Unlike previous work, our structure can be used to support
multi-wavelength EPs, which is of great value for photonic
devices such as asymmetric multi-band filters.

2. F-P resonance coupling and the EP in a com-
posite grating structure

The optimized scheme of the composite structure is
shown in Fig. 1(a). The structure consists of a thick gold
strip grating and an ultra-thin gold strip grating surrounded

by air. The height and width of thick and ultra-thin strips are
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H =650 nm, W =300 nm and ~# = 10 nm, w = 250 nm, re-
spectively. The period of both strips is P = 400 nm. The two
gratings are separated by air gaps with an interval G and have
a lateral displacement of L = 175 nm. Only normally incident
p-polarized plane EM radiation is considered here, where the
electric field is perpendicular to the slits. The refraction index
of gold is obtained from Ref. [20]. Figure 1(b) shows the side
view of the structure. The forward direction means light inci-
dent from the thick grating side, while the backward direction

refers to light incident from the ultra-thin grating side.

(b)
forward at l

backward I by, l

Fig. 1. (color online) (a) Schematic diagram of the composite metallic
grating structure with the geometrical parameters H, W, P, G, L, h, w
and the direction of the p-polarized incident light. (b) Schematic di-
agram of scattering properties of the structure under normal incidence
from forward and backward directions.

The similarity of scattering properties between the opti-
cal system and open quantum system has been mentioned be-
fore. For the structure shown in Fig. 1(a), the light propagation
properties can be described by the matrix S

(m)=s(a)-Co ) (&) o

where ary, and by, are amplitudes of the incoming and out-
going wave in the forward and backward directions, respec-
tively, as shown in Fig. 1(b). The system is reciprocal, so the
transmission coefficients ¢ on both sides are the same. While
the reflection coefficients r¢ and r, in forward and backward
directions are different. The eigenvalues of Eq. (1) are 51, =
t % /rpry, and the corresponding eigenvectors are (1, :i;/r?ﬂ .

Based on the fact that both eigenvalues and eigenvectors coa-
lesce at the EP, the EP will appear in the eigenvalue spectrum
when either r¢ or ry, is zero. That is to say, one of the reflections
R¢ = |r¢|> and Ry, = |r|? is zero. Another important property
of the EP is the phase singularity. At the EP, complex reflec-
tion coefficient ry = |r¢|exp (1¢¢) = 0 means that the phase @y
experiences a dislocation. The zero reflection and phase dislo-
cation can be utilized to find the EP.

In this composite grating structure, two types of F—P res-
onances can be realized. The thick grating possesses an en-
hanced transmission that stems from the F—P resonant-like
mode in the grating apertures (aperture mode). !>/ Another
type of F-P resonance is generated in the internal air gap of the
structure (gap mode). Because of the existence of the ultra-
thin grating, the interval air gap can be regarded as an F-P
resonator. The incident light will match to an outgoing propa-
gating wave in the lower surface of thick grating and generate
F-P resonance in the air gap resonator. These two modes form
a standing-wave shape of magnetic field distribution which is
demonstrated in Figs. 2(a) and 2(b). More importantly, due to
the spatial proximity, a strong coupling will appear between
aperture mode and gap mode and lead to a level repulsion in
the reflection spectra.[?*!

The coupling between aperture mode and gap mode can

x.[?#1 By diagonal-

be described by a 2 x 2 Hamiltonian matri
izing the matrix, the coupled eigenstates can be obtained and

the difference between the coupled energy levels is

[Re (E+) —Re (E_)|

= Re [\/4WV— IIm (E;) —Im (Ex)[*|, 2

where E, and E_ are eigenvalues of the Hamiltonian matrix,
W and V are complex coupling constants, E1 and E, are energy
levels of uncoupled aperture mode and gap mode, respectively.

In this composite structure, due to the closely connec-
tion between the apertures of thick grating and the internal air
gap, a direct interchange of energy leads to a strong coupling
when both aperture mode and gap mode are triggered. This
means a large coupling constant (W and V') and a large value
of |[Re(EL) —Re(E_)]|.

is effectively forced apart and a level repulsion appears in the

As a consequence, the energy level

reflection spectra.

As shown in Fig. 2(c), the level repulsion appears in the
forward reflection spectrum. The interval G will influence the
happening of coupling. With the increase of G, gap mode will
be generated at different wavelengths./?3! All of the arising gap
modes in Fig. 2(c) will couple with aperture mode and gener-
ate level repulsion, which can be seen at the cross between

white dash line (aperture mode) and solid line (gap mode).
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Due to the strong coupling, each branch of the repulsed level
causes a minimal value of reflection. Because of the low trans-
mission efficiency of the high-order F-P resonant mode of the
aperture mode at a shorter wavelength (i.e., A = 900 nm),[m
only a low-order resonant mode of aperture mode at a longer
wavelength (i.e., A = 1845 nm) can generate a zero reflec-
tion by coupling. Hence, we focus on the coupling located
at the bottom-right corner of Fig. 2(c). At the parameters of
A = 1620 nm and G = 288 nm, which is pointed to by the red
arrow, a nearly zero reflection Ry = 2.69 x 10~¢ shows up.
For more details, we plot the reflection spectra from for-
ward and backward directions in the vicinity of the zero re-
flection point as shown in Figs. 3(a) and 3(b). A nadir can be
seen at A = 1620 nm and G = 288 nm in the forward reflection
spectra. In addition, at this point, the backward reflection Ry, is
0.01, and the contrast ratio 11 = |Rf — Ry | /| Rt + Rp| = 99.95%
approaches 1, which indicates a unidirectional reflection. Fur-
thermore, as can be seen in Fig. 3(c), with a slight change in
wavelength A and interval G, @¢ undergoes a sharp change in
the vicinity of the zero reflection point. In contrast, the reflec-
tion phase ¢, from the backward direction exhibits a flatter
dispersion as seen in Fig. 3(d). The zero reflection and phase

dislocation confirm the existence of an EP in our structure.
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Fig. 2. (color online) (a) Magnetic field distribution |Hz/Hp| of aperture
mode at A =900 nm. (b) Magnetic field distribution |Hz/Hy| of the gap
mode at A = 1100 nm and G = 570 nm. (c) Forward reflection spectra
of the composite structure as a function of interval G and wavelength A.
The white dashed line represents aperture mode and the white solid line
represents gap mode. The red arrow points to the zero reflection point.
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Fig. 3. (color online) (a) Forward and (c) backward reflection spectra as a function of wavelength A and interval G. (b) Forward and

(d) backward phase of reflection coefficients.
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3. Properties of the EP

For more information about the EP, the topological struc-
tures of eigenvalues are demonstrated. As shown in Figs. 4(a)
and 4(b), the real and imaginary part of two eigenvalues are
plotted as a function of the incident wavelength A and the in-
terval G in the vicinity of the EP, respectively. Red represents
the Riemann surface of eigenvalue S1 and blue represents the

Re(S)

G=281nm = SI
0.25 e
0 B
a
é —0.25 1
—0.50 1
—0.75 \ \ \ 1
1590 1605 1620 1635 1650
Wavelength/nm
0.50 T T T
(e) G=295nm =Sl
0.25 ° 52
z 0
é —0.25
—0.50
—0.75¢ \ . . b
1590 1605 1620 1635 1650
Wavelength/nm

Riemann surface of eigenvalue S2. In the vicinity of the EP,
the Riemann surfaces experience cross or repulsion which is
located at A = 1620 nm and G = 288 nm, as pointed to by the
white arrow. When the interval G decreases from 288 nm to
260 nm, the real parts of eigenvalues cross while the imagi-
nary parts are repulsed. However, when G increases from 288
nm to 320 nm, the real and imaginary parts are repulsed and
crossed, respectively.

Tm(S)

1605 1620 1635

1590 1650
Wavelength/nm
11 : : :
(f) G'=295 nm = 51
1.0 e S2
@ 09
E
0.8
0.7
1590 1605 1620 1635 1650
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Fig. 4. (color online) (a) Real and (b) imaginary parts of eigenvalues S; (red) and S, (blue) each as a function of incident wavelength
A and interval G. Re(S) indicates the real parts of S; and S, and Im(S) indicates the imaginary parts of S; and S,. The white arrow
points to the position of the EP. Eigenvalues S; and S, for real part at (¢) G =281 nm and (e) G = 295 nm and for the imaginary part

at (¢) G =281 nm and (f) G =295 nm.

We focus on the real and imaginary part of eigenvalues
at G = 281 nm and G = 295 nm as shown in Figs. 4(c)—4(f),
which can give clearer information about the changes of eigen-
values around the EP. The eigenvalues show level crossing in
the real part (see Fig. 4(c)) and level repulsion in the imaginary
part (see Fig. 4(d)) at G = 281 nm while the eigenvalues show
level repulsion in the real part (see Fig. 4(e)) and level crossing

in the imaginary part (see Fig. 4(f)) at G = 295 nm. The vari-

ation of real (imaginary) part of the eigenvalue is convincing
evidence for the EP in our system, in which the level varies
from the cross (repulsion) to repulsion (cross) with interval G
increasing from G = 281 nm to G = 295 nm which strides the
zero reflection point. A more important property can be seen
in Figs. 4(d) and 4(e) where the imaginary and real part of each
eigenvalue join into each other and turn into one level. That is

to say, when we encircle the EP with one loop in the parame-
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ter space constituted by the wavelength A and interval G, the
real and imaginary part of each eigenvalue will be converted
into each other. This phenomenon is an important topologi-
cal property of the EP, which may find applications in optical
switches. [?>]

4. Applications of the EP in a composite grating
structure

The F-P resonance coupling associated EP can find ap-
plications in controlling light propagation, such as in multi-
band filter and unidirectional invisibility. = As mentioned

before, the coupling between different aperture modes and

g

=

~

O

1150 1450 1750
Wavelength/nm

769
759

g

g

~

O 749
739
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(c)

759 2

g

=]

-~

O 749 0
739 -2

1630 1640 1650 1660
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Fig. 5. (color online) (a) Forward reflection spectrum as a function of
interval G and wavelength A, with H = 1900 nm and 2 = 10.6 nm, and
other parameters are the same as those in Fig. 1(a). The white dashed
line represents aperture mode and white solid line refers to gap mode.
The white arrow points to the zero reflection points 1 and 2 both at
G =751 nm. ((b), (c)) Forward phases of reflection coefficients in the
vicinity of points 1 and 2.

gap modes can generate many different level repulsions and
lead to minimal reflection. Based on this fact, by optimizing
the geometric parameters, more than one EP can be realized at
different wavelengths in our structure with a fixed geometry.

As can be seen in Fig. 5(a), the reflection spectrum shows
two zero reflection points at G = 750 nm. The heights of
thick and ultra-thin grating change to H = 1900 nm and & =
10.6 nm, respectively, while other parameters remain the same
as those in Fig. 1(a). Corresponding forward reflections are
R; =2.70 x 107> and Ry = 2.56 x 10~ for point 1 and 2 at
A = 1177 nm and A = 1644 nm, respectively, which are very
close to zero. It includes two different couplings of aperture
mode and gap mode which occur at around A = 1214 nm,
G =686 nm, and A = 1612 nm, G = 951 nm, as can be seen
at the cross between the white dashed line and the solid line.
Furthermore, the phases of forward-reflection coefficients @
of points 1 and 2 are demonstrated in Figs. 5(b) and 5(c) where
phase dislocation at a corresponding wavelength can also be
seen, which confirms the appearance of multi-wavelength EPs
in our structure. This property may lead to potential applica-
tions in optical devices like asymmetric multi-band filter.

Unidirectional invisibility means that light can only be re-
flected from one side of the optical system. It can be visualized
by the magnetic field |Hz/Hy| distribution as shown in Fig. 6.
For EP in Fig. 3, when the light is incident from the backward
direction, the magnetic field distribution forms an interference
pattern at the bottom of the structure, which means that the
light is reflected back by the structure and results in a nonzero
reflection. While light is incident from the forward direction,
no interference pattern emerges, which indicates zero reflec-
tion. This asymmetric reflection property can be utilized in
realizing unidirectional invisibility devices.[!¢!

| Hz/Ho|

|Hz/Hy| Max
Max

Min Min

Fig. 6. (color online) (a) Magnetic field distribution |Hz/Hy| with light
incident from backward direction and (b) magnetic field distribution
|Hz/Hp| with light incident from the forward direction of the EP at
A = 1500 nm. The white arrow points to the incident direction.

5. Conclusions

In this work, we have achieved two kinds of F-P reso-
nances by using a well-designed composite metallic grating
structure which consists of one thick grating and one ultra-thin
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grating. This structure supports strong coupling between dif-
ferent types of F-P resonances, which results in a level repul-
sion in the reflection spectrum and makes it possible to achieve
the EP. The zero reflection and phase dislocation are found in
the parameter space where the EP is located. The topologi-
cal structure of eigenvalue is studied carefully, and reveals the
unique singularity property of the EP. Finally, the ability to
achieve multi-wavelength EPs and unidirectional reflection by
coupling is demonstrated, which may find potential applica-
tions in photonic devices such as asymmetric multi-band filters
and in unidirectional invisibility devices.
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