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Fabry—Perot (FP) modes are a class of fundamental resonances in photonic crystal (PhC) slabs. Owing to their low
quality factors, FP modes are frequently considered as background fields with their resonance nature being neglected. Nev-
ertheless, FP modes can play important roles in some phenomena, as exemplified by their coupling with guided resonance
(GR) modes to achieve bound states in the continuum (BIC). Here, we further demonstrate the genuine resonance mode
capability of FP modes PhC slabs. Firstly, we utilize temporal coupled-mode theory to obtain the transmittance of a PhC
slab based on the FP modes. Secondly, we construct exceptional points (EPs) in both momentum and parameter spaces
through the coupling of FP and GR modes. Furthermore, we identify a Fermi arc connecting two EPs and discuss the
far-field polarization topology. This work elucidates that the widespread FPs in PhC slabs can serve as genuine resonant

modes, facilitating the realization of desired functionalities through mode coupling.

Keywords: Fabry—Perot mode, photonic crystal slab, mode coupling, exceptional point

PACS: 42.25.Ja, 42.25.Bs, 78.67.Pt, 78.67.-—n

1. Introduction

The Fabry—Perot (FP) mode is a fundamental concept in
optics and photonics. It refers to the resonance phenomenon
occurring within an optical cavity formed by two parallel re-
flecting surfaces, such as mirrors.!!! FP modes find wide appli-
cations in areas such as laser cavities, interferometry, and op-
tical telecommunications, making them a cornerstone in mod-
ern optical science and technology.!>3! In addition to inten-
tionally designed Fabry—Perot structures with highly reflective
mirrors, FP modes are also widely present in planar structures
such as photonic crystal (PhC) slabs.*>! Another important
type of modes in PhC slabs is the guided resonances (GRs),!!
where periodic perturbations cause the original guided mode
to transition into leaky modes. Compared with the GR modes,
FP modes usually have much lower Q factors and thus can

6-101 However, FP modes

be regarded as background fields.!
can play a significant role in some scenarios. For example,
the single resonance parametric bound states in the continuum
(BIC)!'1-12] can be viewed as arising from the coupling be-
tween GR and FP modes, thus it can be classified as a special
type of Friedrich—-Wintgen BIC.[!3]

PhC slabs, due to the fabrication simplicity, designable
band structures and abundance of radiation polarization, have
attracted much interest in light field manipulation. Compared
with photonic crystals with infinite volume, a notable feature
of photonic crystal slabs is their tendency to radiate outward,
necessitating their description within a non-Hermitian frame-
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work. Peculiar phenomena can arise in non-Hermitian sys-
tems with no counterpart found in Hermitian frameworks. One
such example is the exceptional point (EP), a special type of
band singularity at which two or more eigenvalues and the cor-
responding eigenstates coalesce simultaneously.[>!'%!5] When
the parameters of the system pass through an EP, the energy
spectrum and wave functions of the system undergo drastic
changes, which give rise to many interesting phenomena, such

(161 topological chirality,[!7-18]

22,23

as unidirectional invisibility,

[19-21

and applications in sensing, Iasing,?>%3] topological en-

(24251 and polarization manipulation.>%271 PhC

ergy transfer
slabs offer abundant resonance modes for mode coupling, thus
EPs can be readily achieved on this platform. In the reported
works, EPs arise mainly from the coupling of two GRs[?8-31]
and EPs generated via the coupling of FP modes have not been
reported.

In this paper, we focus on the resonance nature of the
FP mode and discuss its coupling with electromagnetic (EM)
waves. First, we use the temporal coupled-mode theory
(TCMT)B? and transmission matrix method (TMM)[!! to
demonstrate the feasibility of treating FP resonances as gen-
uine EM modes in a low-contrast PhC slab, where the trans-
mission results from the coupling of FP modes with the incom-
ing and outgoing waves. Next, we employ the coupling of FP
modes and GR modes to construct EPs in PhC slabs. EP pairs
and the connecting Fermi arc 331 are observed, and the corre-
sponding far-field polarization topology is discussed. Given

widespread occurrence of FP modes in PhC slabs, coupling
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with FP modes may offer more opportunities for achieving di-
verse functionalities.

2. Transmission of a PhC slab based on mode
coupling with FP modes

For a PhC slab with a low index contrast, the transmission
can be directly calculated with TMM!! based on the effec-

341 I this method, no resonance modes

tive medium theory.
are involved, even though resonance occurs at the transmis-
sion peaks. Consider a one-dimensional PhC slab shown in
Fig. 1(a). When the index contrast is low, the PhC slab can
be approximated as a uniform slab with an effective dielec-
tric constant, as illustrated in Fig. 1(b). The effective dielec-
tric constant for the transverse electric (TE) mode and trans-
verse magnetic (TM) mode satisfies & = €1 f + & (1 — f) and
1/ess = f/€1 + (1 — f) /&, respectively. Here € and &, are
the relative dielectric constants of the constitutive media of
the PhC slab, and f is the filling ratio of the medium. In the
following, we consider the TE mode.

With the TMM, the field distribution inside and outside
of the slab can be calculated and the transmittance is obtained
as

1
T = 1
1+ 5(n—n~")2sin*(kych)’ M

where 1 = ky ;/ki ;, and kj ,, ko ; are the z components of the
wave vector outside and inside of the slab, respectively. When
sin? ky-h =0, i.e., ko ;h = mm (m is an integer), the transmit-
tance reaches the maximum value of 1, while when k; ;h =
(m+ 1)m, the transmittance reaches the minimum value.

On the hand, the photonic crystal slab can be regarded as
a cavity with multipole FP modes resonating at different fre-
quencies. In this sense, we can analyze the transmission of
a dielectric slab using the resonant nature of FP modes in the
form of mode coupling. According to TCMT, the transmission
behavior can be regarded as follows: the incident light par-
tially transmits directly and partially couples to the FP modes
in the slab, and then the FP modes couple to the radiation chan-
nel, contributing to the transmission.

As an example, we consider the transmission at normal
incidence in the frequency range covering the first two FP
modes. The system possesses mirror symmetry and has two
radiation channels (upward and downward). The dynamic
equations governing the coupling of the two FP modes are
given by 3!

d
iaa =Ha+iK'S,, S_=CS,.+Da. )

a O IREA
0 2 and ' = 0yl
the Hamiltonian, a denotes the amplitude of the two FP modes,

Here, H = Q — i, with Q = is

o (wy = mc/(nd)) and 2 are the eigenfrequencies of the first
two FP modes, and 7 stands for the decay rate of the mode
due to coupling to the radiation channels. As the resonance
frequencies of the FP modes are evenly spaced, their decay
rates are assumed to be the same. Due to the symmetry differ-
ence of the two modes, no coupling between the two modes
is considered. S and § are the amplitudes of the incoming
and outgoing waves; C represents the scattering matrix for the
direct (nonresonant) transmission and reflection, K and D are
the coupling matrices for the modes to the incoming and out-

going waves, respectively. The matrices above are connected
25321

D'D=2I') K=D, CD*=—D. 3)

Considering the symmetries of the system and the two

FP modes, according to D'D = 2I' we have D =
io eiﬁ

e
\ﬁ/[ceia _Gei[s]
be determined, and ¢ = 41 indicates the symmetries of the

, where o and f3 are the phase factors to

two modes (with 1 for mode 1 being symmetric and mode
2 being antisymmetric while —1 for the opposite). As ma-
trix C is unitary and symmetric, according to the third equa-
tion in Eq. (3) we have o+ B = Im with [ an arbitrary in-

teger. For simplicity, we set & = —f and then we obtain
cos2a 1iosin2a
C=—1|._". . Assume that the resonant state
iosin20¢  cos2q

behaves as simple harmonic oscillation with frequency w, we
have a = i(wl — H)~'KTS, . Inserting a into the second equa-
tion of Eq. (2), the connection between S and S_ is obtained
and can be rewritten as S_ = C'S,, with

C - cos2o iosin2a
o iosin2a cos2a
eiZa e—i2a O.eiZOL O.e—iZa
n rHi(a—-0) T r+iCw-0) r+i(em-0)  y+iey-o) ()
y ceilo ce—iZa ei2a n e—i2a :
r+i(@p—0)  r+iey-0) r+i(ep-o) ' r+i2ey-0)

On the other hand, the entries of the scattering matrix are con-
nected to the reflection coefficient r and transmission coeffi-

cient t as €' = | i], with [r|> + [t|* = 1 and 1 +r°r =

0, indicating the unitarity of the scattering matrix. From

Eq. (4), we obtain the transmittance of the system T (= |t|?)

T {5 sin? yei2o ye—i2e 2 For th
as 1 = |—10smn OC—&—G[%i(%ia?)—%i(z%iw)” . or' €
two lowest-order FP modes considered here, ¢ = —1 since

the first mode is odd and the second one is even. Ac-
cording to the result obtained with the TMM method, T

reaches its minimum value at @ = (3/2) @y, we obtain Ty, =

. 2 2 . .

(S'"MHQ&?;?)ZQ sin20)° * where Q = @y/(2y) is the quality

factor. At ® = w and 2w, T reaches its maximum value of 1,

(2Qcos20+sin20)?
1+40?

ues of o and Y can be determined and the transmittance of the

thus we obtain Ti,x = . In this way the val-

system is obtained.

084205-2
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Figure 1(c) illustrates the transmittance of a PhC slab with
a low index contrast obtained from TCMT and TMM based on
the effective medium approximation. As for comparison, the
numerical results based on finite element method are also pre-
sented. One can see that the result from TMM coincides with
that of the numerical simulation. For TCMT, the result agrees
well with that of the TMM, especially in the region between
the two transmission peaks, manifesting the effectiveness of
the assumption above. However, in the frequency range be-
yond the two peaks, noticeable discrepancy appears. In this
area, other FP modes are involved in the transmittance. To
accurately capture the transmittance across a wide frequency
range, more FP modes should be incorporated into the couple

mode theory.
(a)
0.9
€1 =2 h
d a )

focctivc ,[ l &

(GO S — TMM
—— TCMT
2wy 0.5 Simulation
z

w (mc/nd)

Fig. 1. (a) Depiction of a one-dimensional binary PhC slab, which is
characterized by the period a, thickness of one dielectric layer d, slab
thickness 4, and the relative dielectric constants € and €. The slab is
uniform and infinite in the y-direction. (b) The effective homogeneous
medium slab with a relative dielectric constant of €. The field distribu-
tions of the two lowest FP modes at frequencies @y and 2@y are illustrated
schematically. The arrows indicate the incoming and outgoing waves. (c)
Transmittance obtained from TMM (black line), TCMT (red line) and nu-
merical simulation (blue dots). Here €, =3.9, &, =4.1,h=a,d = 0.5a.

3. EPs due to the coupling of GR and FP modes

In the non-Hermitian optical system, EPs typically
emerge due to the coupling of resonant modes. For exam-

ple, a second-order EP can be described by the coupled-mode
[35]

7 Y el Pt | PR
dt | a2 K ) — 1% az

where a, @ and 7y represent the amplitude, resonant frequency

equation

and decay rate of the resonant modes, respectively, and K is
the coupling strength. The eigenvalues of the system are

e =0 —iy £/ K2+ (0" —iy")?, (6)

with o = (@1 +@)/2, ¥ = (1 +15)/2, 0" = (01— ©)/2,
and ' = (71 — 1) /2. When k% + (0" — iy")* =0, two eigen-
values coalesce and an EP is formed.

In the reported works, most EPs arise from the coupling
of two GR modes. Here we show that the coupling of FP and
GR modes can give rise to EPs as well, and more interestingly,
a Fermi arc can be observed.

First, we consider the coupling of the FP and GR modes
with the same polarization. For convenience, the two modes
are labeled as FPry; and GR(T";/)M, respectively. Here, / and n
represent the order of the FP and GR modes, respectively, and
m is the index of band folding in the reduced-zone scheme. We
take the coupling of FPry 3 and GR(TIV[I_)l modes as an example.
As the two modes have the same poiarization, we consider
their coupling along the k, axis (k, = 0) with the variation of
the thickness of the slab. Figures 2(a) and 2(b) show the real
and imaginary parts of the eigenvalues of the system in the
two-dimensional parameter space (ky, /), respectively. One
can see that the two sheets, for both the real and imaginary
parts, touch at the specific EP. The two figures demonstrate
the exotic topology of the eigenvalue surfaces near an EP sin-
gularity: for the real part, the two bands cross each other on
one side of the EP and repel each other on the other side; while
for the imaginary part, opposite occurs, where the crossing of
the real (imaginary) part is accompanied by the repulsion of
the imaginary (real) part. Figures 2(c) and 2(d) illustrate the
projections of the eigenvalues onto the (k,, @) plane and (ky, 7)
plane, respectively, offering a clearer description of the transi-
tion from repulsion to crossing in the real and imaginary parts
as k increases. The critical point of the transition exactly cor-
responds to the EP.

(F 0.72

w (2me/a)

0.62

)
0.065

ﬁ\
o
)
N1

7y (2mc/a)

-
° 0.035
a

-

0.8 < 0.2 0.27
h(a) k, (2m/a)

Fig. 2. EPs generated by coupling FPty 3 and GR(T;,[I’)l modes in param-
eter space. Panels (a) and (b) illustrate, respectively, the real part and
imaginary parts of the eigenvalues, where the red surface and the blue
surface correspond to the upper band and the lower band, respectively.
The black dash lines indicate the crossing section determined by the in-
tersection lines of the two sheets in the real and imaginary parts, and
black spheres represent the EP. (c) and (d) The projections of the dash
lines in (a) and (b), respectively. Here the parameters for the PhC slab are
€ =55,6=2,h=14a,andd =0.5a.

Next, we consider the coupling of the FP and GR modes
with different polarizations. The two modes cannot couple
with each other on the k, axis due to the polarization orthogo-
nality; however, away from the k, axis, they are not orthogo-
nal and coupling can occur. We calculate the coupling of the
FPry > and GR<TE11> modes using the finite element method,

084205-3
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and the dispersions are shown in Figs. 3(a) and 3(b) for the
real and imaginary parts, respectively. From Fig. 3(a) one can
see that the upper band and lower band touch along a curve
segment (the black dash line). For the imaginary part shown
in Fig. 3(b), the opposite happens: the repulsion and cross-
ing of the two sheets for the imaginary parts correspond to the
crossing and repulsion of the real parts, respectively. There
are two points at which both the real part and the imaginary
part of the eigenvalues coalesce, forming two EPs. The curve
segment connecting the two EPs in Fig. 3(a) is the so called

33361 In the reported work,!3?! the EP pairs and the

Fermi arc.!
connecting Fermi arc are achieved as follows: first, a quadratic
degeneracy point at the I" point of a PhC splits into a pair of
Dirac points by breaking the Cy4, symmetry, then the PhC is
reduced into a PhC slab which turns the Hermitian system into
a non-Hermitian system. As a result, the original Dirac points
break into EP pairs connected by the isofrequency line seg-

ment, that is, the Fermi arc.

<

S~

Q

153

a
F .34 &
= \ L - fo.01 0.55
T 034 o
= 0.3

k, (27/a)

Fig. 3. EP pairs and Fermi arc generated from the coupling of FPty 5 and

GR-(FEII) modes. Here the parameters of the PhC slab are set as & = 5.5,
& =1, h=1.4a,d = 0.5a. The real part and imaginary part of the eigen-
values are presented in (a) and (b), respectively. The red surface corre-
sponds to the upper band and the blue surface corresponds to the lower
band. The black dash lines indicate the Fermi arc, and the two black
dots indicate the EPs. (c) and (d) The far-field polarization patterns of
the upper band and lower band, respectively. The polarization states are
illustrated by the ellipses, with red color and blue color representing the
right-handed and left-handed elliptical polarizations. The Fermi arcs and
EPs are indicated by the black solid lines and black dots, respectively.
Gray arrows on the gray contours encircling the EP pair and the Fermi
arc indicate the polarization directions (the long axis of the ellipses). The
evolution of the polarization orientation along the contour manifests a
topological charge of —1/2.

The far-field polarization patterns of the two bands are
displayed in Figs. 3(c) and 3(d). For convenience, the two
EPs and the Fermi arcs are plotted as well. Due to the mirror
symmetry of the system, the dispersion and the corresponding
far field polarization exhibit the same symmetry. Meanwhile,
the far field polarization of the two bands formed by the mode
coupling carries the polarization characteristics of the origi-
nal FPty 2 and GR(TEII) modes. For example, the polarizations

on the left side of the Fermi arc in Fig. 3(c) and that on the
right side of the Fermi arc in Fig. 3(d) correspond to the polar-
ization of the GR(T;]) mode; and the polarizations on the left
side of the Fermi arc in Fig. 3(d) and that on the right side of
the Fermi arc in Fig. 3(c) correspond to the polarization of the
FPtMm2 mode. This can be identified by examining the polar-
ization on the k, axis.

The peculiar topology of the band structure near the
EPs and Fermi arc leads to nontrivial topological property, 33!
which can be manifested by the corresponding far field polar-
ization distribution. As shown in Figs. 3(c) and 3(d), along the
gray curves surrounding the Fermi arcs and EPs, the orienta-
tion of the long axis of the polarization ellipses undergoes a
180° clockwise turn, indicating a topological charge of —1/2,

consistent with that in the reported works. 333!

4. Conclusion and perspectives

In this paper, we show that FP modes in PhC slabs are
not merely background fields but genuine EM modes charac-
terized by their resonance nature. First we establish that the
transmittance of a PhC slab can be viewed as the coupling
of FP modes with the incoming and outgoing waves, thereby
showcasing FP modes as authentic modes. Next, we utilize
the coupling of FP mode with GR mode to achieve EP in PhC
slabs, and a Fermi arc is also observed. The nontrivial topol-
ogy of the Fermi arc and the EP pair is evidenced by the cor-
responding far field polarization pattern, which catries a topo-
logical charge of —1/2.

As widespread modes in PhC slabs, FP modes can offer
abundant opportunities for mode coupling in addition to the
GR-GR coupling, thus enriching the methods of optical field
regulation.
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