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Strong resonances on periodic arrays of cylinders and optical bistability with weak incident waves
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A one-dimensional periodic array of circular dielectric cylinders surrounded by air is a simple structure on
which guided modes above the light line, also called bound states in the continuum (BICs), may exist. Recent
studies reveal that such an array supports not only antisymmetric standing waves which are symmetry-protected
BICs, but also propagating Bloch BICs and symmetric standing waves. Near a BIC, there is a family of resonant
modes (depending on the Bloch wave number 8) with arbitrarily large quality factors. Using a perturbation
method, we show that the quality factor of the resonant mode typically depends on B like 1/(8 — B.)?, where
B. is the Bloch wave number of the BIC, but near a symmetric standing wave (8, = 0), the quality factor blows
up like 1/8*. This indicates that strong resonances can be more easily induced near a symmetric standing wave.

As an application, we numerically study optical bistability for the periodic array assuming the cylinders have a
Kerr nonlinearity. With the nonlinear effects enhanced by the resonances, it is possible to have optical bistability
for weak incident waves. The numerical results confirm that the weakest incident wave for optical bistability is
realized through the resonances near the symmetric standing waves.
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I. INTRODUCTION

Optical bistability (OB) is a classical nonlinear optical
phenomenon that has been extensively studied in the last 4
decades [1]. The simplest nonlinear medium in which OB
occurs is probably the Kerr medium, where the nonlinear
effect is modeled by adding a term proportional to the field
intensity to the linear dielectric constant. OB is proposed
for a number of all-optical signal processing applications,
such as optical switches and memory. However, the nonlinear
coefficient of a conventional material is extremely small. In
simple configurations, such as a slab of nonlinear medium,
OB only occurs when the amplitude of the incident wave A
is proportional to 1/,/y, where y is the nonlinear coefficient,
unless the interaction length is very long. This implies that a
device based on OB is either very large or requires a very high
power for its operation. Clearly, such a device is not useful for
nanophotonic applications.

One way to overcome these limitations is to enhance the
nonlinear effects by a local field with a much larger amplitude
than the incident wave. This can be achieved by resonances
such as those in photonics crystal (PhC) microcavities [2—4].
When an incident wave with amplitude A excites a resonant
mode with quality factor Q, the amplitude of the local field u is
on the order of \/Q A. In addition, the resonance induces sharp
peaks or dips with an O(1/Q) bandwidth in transmission,
reflection, or scattering spectra, and OB can occur when
ylu|? is on the order of Q~'. Therefore, with the resonant
enhancement, the required incident wave amplitude A for
OB is proportional to 1/(Q./y) [5]. In principle, if resonant
modes with arbitrarily large quality factors are utilized, OB can
occur for arbitrarily weak incident waves. Some microcavities
fabricated on PhC slabs indeed have resonant modes with very
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high quality factors, but once a microcavity is fabricated, its
quality factor is fixed. To achieve OB at arbitrarily low incident
field intensity, it is desirable to have a fixed physical structure
on which a family of resonant modes exist, their quality factors
tend to infinity, but their resonant frequencies converge to a
constant. Notice that a simple resonator, such as a dielectric
sphere, cannot serve this purpose, because although it has a
sequence of resonant modes with quality factors tending to
infinity, the corresponding resonant frequencies also tend to
infinity.

The desired family of resonant modes exist on periodic
structures, such as PhC slabs and periodic arrays of cylinders.
A periodic structure sandwiched between two homogeneous
media could have guided modes that are confined around the
main periodic part of the structure and decay exponentially
into the surrounding homogeneous media. In addition to the
well-known guided modes below the light line, there could
also be special guided modes above the light line, i.e., their
frequencies lie in the frequency intervals where radiation
modes exist [6-20]. These guided modes above the light line
(i.e., in the radiation continuum) are special bound states
in the continuum (BICs) [21-23], and mathematically they
correspond to discrete eigenvalues in a continuous spectrum.
On a two-dimensional (2D) structure with one periodic
direction, resonant modes exist continuously with respect to
the Bloch wave number . It is known that the quality factor
tends to infinity as 8 tends to the Bloch wave number B, of
a BIC. In fact, the quality factor is typically proportional to
1/(B — B.)*. Therefore, resonant modes with arbitrarily large
quality factors can be obtained if § is sufficiently close to S.
In that case, for incident waves with a wave-vector component
equal to B, it is possible to have OB with very small incident
wave amplitudes. However, this requires high precision for the
incident wave-vector.

A one-dimensional (1D) periodic array of parallel and
infinitely long circular dielectric cylinders is a particular
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simple structure on which BICs exist [8,16,17,20]. A well-
known class of BICs are standing waves having a symmetry
incompatible with that of the outgoing radiation modes. The
existence of these so-called symmetry-protected BICs can be
rigorously proved [6,8,17,24]. The array also supports other
BICs that are not protected by symmetry [16,20]. For a fixed
array, the BICs are isolated points in the frequency—wave-
number plane, but they exist continuously with respect to the
radius and dielectric constant of the cylinders. In particular, for
cylinders with their radius and the dielectric constant satisfying
a proper condition, there are standing waves which are not
protected by symmetry [16,20].

In Sec. II, we describe the periodic array, present the the
mathematical formulation, and recall some results on BICs.
In Sec. III, we show that resonant modes near standing waves
unprotected by symmetry have quality factors proportional
to 1/(B — B.)*, where B, =0 and B (real and close to )
is the Bloch wave number of the resonant mode. This is
very different from the resonant modes near ordinary BICs.
The inverse fourth power relation indicates that the quality
factor can be very large, even when |8 — B,| is not so small.
Consequently, resonant modes with high quality factors can
be obtained with a much relaxed accuracy requirement for
the wave number 8. In Sec. IV, based on rigorous numerical
simulations, we analyze OB enhanced by resonances near
three distinct BICs. Numerical results for a fixed and small
|B — Bs| confirm that the minimum incident wave amplitude
A for OB is proportional to (8 — B.)?/ /v for ordinary BICs
and (B — B.)*/ /v for the standing waves without symmetry
protection.

II. FORMULATION AND BICS

In Fig. 1, we show a 1D periodic array of parallel and
infinitely long circular cylinders surrounded by air. A Cartesian
coordinate system is chosen so that the cylinders are parallel
to the z axis, the array is periodic in y with period L, and
the origin lies in the center of one cylinder. Therefore, the
structure is symmetric with respect to both x and y axes. We
assume that the cylinders are made from a dielectric material
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FIG. 1. A 1D array of circular cylinders with radius a, dielectric
constant €, and nonlinear coefficient y;. The array is periodic in y
with period L.
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with a Kerr nonlinearity. The dielectric constant and the radius
of the cylinders are €; and a, respectively, where ¢; > 1 and
a<L/2.

For the E polarization, the z component of the electric
field, denoted by u, satisfies the following nonlinear Helmholtz
equation [25-30]:

3%u n 9%u
0xz = 9y?

+ ky(e + ylulPHu =0, (1)
where kg = w/c is the free-space wave number, @ is the
angular frequency, c is the speed of light in vacuum, € = €(r)
is the dielectric function, r = (x,y), y = y(r) is the nonlinear
coefficient, and the time dependence is e~ In particular, we
have € = €¢; and y = y; > 0 in the cylinders and € = 1 and
y = 0 outside the cylinders. Equation (1) can be derived from
the nonlinear Maxwell’s equations with the assumption that
higher harmonics can be ignored, and y = % x®, where x©®
is an element of the third-order nonlinear susceptibility tensor.
We study the nonlinear diffraction problem for an incident
plane wave given by
u(in)(r) — Aeiﬂy+ioz(,H—L/2)7 X < —a, (2)
where A is the amplitude, (o, ) is the wave vector, f is real,
« is positive, and they satisfy & + B2 = kj. The reflected and
transmitted waves can be expanded as

oo
u(r)(r) = Z C’;eiﬁmy—iam(X+L/2), X < —a, (3)

m=—00
[o.¢]
u(r) = Z cjﬂ-elﬁm}’-&-tam(x—L/Z), X >a, 4)
m=—00

where m is an integer, and

2.
ﬂm=ﬂ+%, o = /K2 — B2 ©)

If ¢p = o is the only real number among all «,,, then the
reflection and transmission coefficients for normalized power
are

R=Ilcy /AP, T =I|c/A” (6)

The nonlinear diffraction problem may have multiple
solutions related to optical bistability and symmetry-breaking
phenomena [31]. To understand the nonlinear properties, it is
necessary to first study the linear solutions of the periodic array.
A BIC on the periodic array is a special Bloch mode solution of
the linear Helmholtz equation [i.e., ¥ = 0 in Eq. (1)] without
any incident wave. It is given by

u(r) = p(r)e'?”, (7)

where ¢ is periodic in y with period L, ¢ — 0 as |x| — oo,
and B is the real Bloch wave number (or propagation constant)
satisfying ko > |B| (i.e., above the light line). Due to the
periodicity of ¢ and the reflection symmetry in y, 8 can
be restricted to the interval [0,7/L]. Notice that the array
can be regarded as a periodic waveguide, and it has Bloch

023834-2



STRONG RESONANCES ON PERIODIC ARRAYS OF ...

guided modes below the light line (i.e., ko < |8]) that depend
continuously on 8 and w. On the other hand, the BICs only
exist as isolated points in the frequency—wave-number plane.

The simplest BICs on the periodic array shown in Fig. 1
are antisymmetric standing waves satisfying 8 =0 and
u(x, —y) = —u(x,y) [16,17]. The solution u given in Eq. (7)
can be expanded in a Fourier series for |x| > a, as in
Egs. 3) and (4). If 8 =0 and ko < 2w /L, then o« is real
and all other «,, for m # 0 are pure imaginary, and the only
outgoing radiation channel is the plane wave for m = 0 in
Egs. (3) and (4). But if u is an odd function of y, the
coefficients c(ﬂf are zero automatically, thusu — Oas |x| — oo
is guaranteed. Since these antisymmetric standing waves have
incompatible symmetry with the outgoing radiating waves,
they are symmetry-protected BICs. However, the array also
supports BICs that are not protected by symmetry, and they
are propagating Bloch BICs with 8 # 0 or symmetric standing
waves (even functions of y) [16,20]. In particular, these
Bloch BICs are quite robust, since they exist continuously
with respect to the radius and the dielectric constant of the
cylinders [20].

In Fig. 2(a), we show a symmetry-protected BIC for
a = 0.382L and €; = 5. The normalized frequency of this
standing wave is wL /(2 ¢) = 0.532 688. For the same radius
a and dielectric constant €}, there is a propagating Bloch BIC
with normalized frequency wL/(2mwc) = 0.647949 and nor-
malized wave number BL/(27) = 0.07228, and it is shown
in Fig. 2(b). If we fix radius @ = 0.382L and allow ¢, to vary,

25 () 25 (b)
) CD )
15 15
S — B
05 05
0 :: 0
R 0 1 R 0 1
X X
25 ©)
2
15
> 1
05
0
~05

FIG. 2. Wave field patterns (i.e., the real parts of u) of three BICs
on a periodic array of circular cylinders with radius @ = 0.382L. (a)
Antisymmetric (y-odd) standing wave for €, =5 and wL/(2nc) =
0.532 688. (b) Propagating BIC for €; =5, wL/(27c) = 0.647 949,
and BL/(2) = 0.07228. (c) Symmetric (y-even) standing wave for
€1 =6.449 74 and wL /(27w c) = 0.573 935. The x and y axis are given
in unit L.
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then we can find a family of BICs for 2.524 < ¢; < 6.44974.
Both w and B depend continuously on €;. At the endpoint
€1 = 6.44974, we have § =0 and wL/(2mwc) = 0.573935;
thus the Bloch BIC becomes a standing wave, and it has a
symmetric (i.e., y-even) field pattern as shown in Fig. 2(c).
From Figs. 2(b) and 2(c), we can see that this family of BICs
without symmetry protection are even functions of x. It turns
out that there is also a family of x-odd BICs for larger values
of €; [20].

III. PERTURBATION ANALYSIS

For a fixed periodic array, a BIC corresponds to an isolated
point in the w-B plane. Let (w,,B:) be a frequency—wave-
number pair of a BIC, then for any real B close to but not
equal to B, the array has a resonant mode with a complex
frequency w near w,. A resonant mode is a nonzero solution
of the linear Helmholtz equation (without incident waves)
satisfying outgoing radiation conditions. Since we assume the
time dependence is e~'“', the imaginary part of the complex
frequency, i.e., Im(w), should be negative, so that the amplitude
of the mode decays with time. The quality factor of the resonant
mode is O = —0.5Re(w)/Im(w), where Re(w) is the real part
of w. In the following, we show that, if w is expanded as a power
series of B — B, then the first nonzero term in the series of
Im(w) is in general (B — B,)?, but it becomes (8 — B,)* for the
symmetric (i.e., y-even) standing wave shown in Fig. 2(c).

First, we consider a general 2D periodic structure sur-
rounded by air. We assume that the dielectric function €(r)
is real and is periodic in y with period L and that € = 1 for
|x| > L/2. Let u(r) = e ¢(r) (for a complex frequency w)
be aresonant mode near a BIC u..(r) = ¢'#Y¢,(r), we develop
a perturbation theory for the resonant mode assuming |8 — S|
is small. Since u blows up as |x| — oo, the perturbation
theory should be developed in a bounded domain with proper
boundary conditions for truncating x.

The linear Helmholtz equation for u gives rise to

¢ ¢ . 3¢ N
W+8—y2+21,8@+(g6—ﬂ)¢—0’ ®)

where g = k(z) = (w/c)? is now complex. For |x| > L/2, we
can expand u as in Egs. (3) and (4). Comparing these
expansions with their x derivatives at x = £1 /2, we obtain
the following boundary condition for ¢ [32]:

+% _ 14,

:I:L 9
x==+—,
ox 2

where 7 is a linear operator acting on periodic functions of y
with period L, such that

Teiany/L = lm eiany/L (10)

for all integers m and w,, = i,/g — B Since g is complex,
the square root must be carefully defined. It is necessary to
insist that the complex square root is continuous as 8 — B,
and w — w, [or g = g, = (w./c)*]. For simplicity, we
assume g, — B2 > 0 and g, — B2, < O for all m # 0, where
Bim = Bx +2mm/L.
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Let § = 8 — B,, we expand ¢, g, u,,, and operator 7 as
follows:

¢ =G+ 31 + 82+ -+, (1D

g§=g+8a+8gn+ . (12)

Pon = Hoam + 811 + 82 o + -+, (13)

T =T, +6T,+8T+ . (14)

The explicit formulas for ., (1., and @y, are given in the
Appendix. Similar to the definition of 7 in Eq. (10), the actions
of T, 7;, and 7, on e'?™™/L are simply e/>™/L multiplied
by ams L1m, and poy,, respectively.

Inserting Egs. (11), (12), and (14) into the governing
equation (8) and boundary conditions (9), we get

Lo, =0, 15)
Loy = =2i0y¢s + 2P« — €81)s, (16)

Loy = =2id,¢1 + 2B« —eg)P1 + (1 — €g2)ds,  (17)

where

L =0} 40 +2iB.0y + g.€ — B7 (18)
and
+0.¢y = Ty, x ==£L/2, (19)
+0:¢1 = T.p1 + T, x ==£L/2, (20)
10y = T.po + T1p1 + T, x ==£L/2. (21)

Equations (15) and (19) are satisfied by the BIC. From
Egs. (16) and (20), we can show that

2B [oluPdr = 2i [ $,0,¢.dr + B,
Jo €2 dr + By
where €2 is the square given by |x| < L/2 and |y| < L/2,

2 4 ez 2
Z—Z e | |C)r1n/|2’ 23)

m;é() *m — 8x

a2 4 e,
L IB*m *m *T )
2 : /2
m#0 ( wm g*)

, (22)

(24)

and cfm are the Fourier coefficients of ¢, at x = +L/2, i.e.,
o0
$u(EL/2.y) = Y kPt (25)

The derivation of Eq. (22) is given in the Appendix.
Since ¢, is periodic in y with period L, we have

_ [, 39, 0¢h.
o= [ 22 /[@ +¢*y]r

Thus the term 2i fQ 5*8y¢* dr in Eq. (22) is real. Since all
other terms in Eq. (22) are clearly real, we conclude that g; is
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real. From Eq. (12), it is easy to get

2

W= W, ). (26)
Therefore, Im(w) is in general O(82) and the quality factor is
proportional to 1/82.

Next, we consider resonant modes near standing waves
(B« = 0) on symmetric (i.e., y-even) periodic structures. If
u(x,y) = e ¢(x,y) is a resonant mode on such a structure,
then so is its reflection, u(x, —y) = e P ¢(x, — y). This
implies that if the resonant mode is nondegenerate, w (also g)
should be an even function of . Thus, Eq. (12) becomes

g=g +8gp+8g+--, 27)

where § = B. We can also apply the reflection transform to
standing waves. This leads to the conclusion that a standing
wave ¢, on a symmetric periodic structure must be either sym-
metric (y-even) or antisymmetric (y-odd), since otherwise we
can construct them from ¢,.(x,y) + ¢.(x, — y) or ¢.(x,y) —
¢.(x, — y). The results shown in Figs. 2(a) and 2(c) confirm
this conclusion. Whether ¢, is symmetric or antisymmetric,
¢,.0,6, is always odd in y, thus fQ$ 9 ¢*dr =0. Moreover,
the Fourier coefficients satisfy |cE | = |c* _ml and By, =
2nm/L, thus B; = 0. From Eq. (22) we again conclude that
g1 =0.
The equations for ¢; and ¢, are simplified as

L1 = —2i0y¢., (28)
Ly = (1 — €g2)ps — 2i0y¢n, (29)
where £ = 32 + 8? + g.€. In the Appendix, we show that
_ Jallou = VP tsclgnPldr — By + By
Jor €16 2dr + By ’
where By is given in Eq. (23),
L [ ol o
By= ") (31
/2
2 m0 ( o 8*)
By = Ly (e, I’ + lep, ), (32)

m

+
f'md Clim
is,

are the Fourier coefficients of ¢, at x = =L /2, that

o0
Z ciE eyt (33)

m=—0oQ

Moreover, [y = i1/gx — B2 = iw,/c is pure imaginary, and
all pyn, for m # 0, are real and given in the Appendix.
Equation (27) implies that

$1(£L/2,y) =

W= Wy

2

+ 5825 4 ot (34)
Wy

for standing waves. Thus,

Le(lejl® + legol®)

() = = T elg.Pdr + Bo)

82 4+ 0(s%). (35)
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FIG. 3. Logarithmic relations between —Im(w)L/(2mc) and
(B — B.)L/(2m) for the three BICs shown in Fig. 2.

For a y-even standing wave ¢,, we notice that 7;¢, in
Eq. (20) is odd in y and 0,¢, in Eq. (28) is also odd in y;
thus ¢ is an odd function of y, the coefficients cﬁ, vanish,
and Im(g,) = 0. As a result, we have Im(w) = 0(8*) and the
quality factor is proportional to 1/8%.

For the three BICs shown in Fig. 2, we calculate the complex
resonant frequency w for some B close to .. In Fig. 3, we show
the relations between the normalized —Im(w) and normalized
B — B, in alogarithmic scale. It can be seen that the two curves
for the antisymmetric standing wave and the propagating BIC
have arelatively small slope (close to 2), while the curve for the
symmetric standing wave has a larger slope (close to 4). These
numerical results confirm the theoretical results developed in
this section.

IV. OPTICAL BISTABILITY

In this section, we consider the nonlinear diffraction
problem formulated in Sec. II for a periodic array of circular
cylinders with the Kerr nonlinearity. Since resonances with
arbitrarily high quality factors can be obtained when the wave
number B is close to the wave number B, of a BIC, we
consider incident waves with a real frequency w and a real
wave-vector («,f), where w is close to the frequency w, of
the BIC and B is close to B,. It should be pointed out that
OB is a robust nonlinear optical phenomenon. Its appearance
does not sensitively depend on the choice of w. For the three
BICs shown in Fig. 2, especially the symmetric standing wave
shown in Fig. 2(c), we show that OB occurs for incident waves
with small amplitudes if |8 — B,| is small.

For the linear problem (y = 0), let Q be the quality factor
of the resonant mode with a real wave number 8 and a complex
frequency w,, and let A be the amplitude of the incident wave
with the real frequency w = Re(w,) and the real wave-vector
(at, B), then the field amplitude around the array is O(y/QA)
[33]. In addition, a linear perturbation theory shows that if €; of
the cylinders is slightly increased, the real part of the complex
frequency w,. decreases slightly. For the nonlinear problem, the
term y |u|? effectively increases the dielectric constant €; of
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the cylinders, thus the most dramatic resonance enhancement
occurs at a real frequency w slightly smaller than Re(w,).
Although OB has been widely studied, it is difficult to
predict the precise values of the incident amplitude A for
which OB actually occurs. However, it is possible to obtain
some estimates based on related linear problems. Due to the
coupling of the incident plane wave with the resonant mode,
the linear transmission or reflection spectrum for a fixed g
typically exhibits an asymmetric line shape for frequencies
around Re(w.). Furthermore, the spectrum contains two
frequencies around Re(w,) for total transmission and total
reflection, respectively, and the difference between these two
frequencies is O(1/Q) [33,34]. It appears that OB can only
occur when the nonlinear term y|u|? induces an O(1 /0)
shift in the resonant frequency; i.e., the resonant frequency
&, for & =€, + y|u|? differs from the original w, by an
O(1/Q) amount. In addition, to the first order, ®. — w. varies
linearly with & — €. Therefore, OB requires that y, lu? =

0(nQA* =0(1/Q)or

A= O(L) (36)
oV

Based on the results of Sec. I1I, we conclude that, near a typical
BIC, OB may occur when

— B. 2L2
A=0 <M) (37)
Jr
but near the symmetric standing wave, the condition becomes
ﬁ4L4
A= O( ) (38)
NG

For the three BICs shown in Fig. 2, we solve the nonlinear
diffraction problem assuming the incident wave-vector com-
ponent f satisfies (8 — B)L/(2mw) = 0.01 and the nonlinear
coefficient of the cylinders is y; = 1.125x 107" m?/V2. The
first BIC is the antisymmetric standing wave shown in Fig. 2(a).
Its normalized frequency is w, L /(2w c) = 0.532 688. For the
given above (B, = 0), the array has a resonant mode with com-
plex frequency w.L/(2mc) = 0.532479 — 0.000008 6i. The

0.5¢

Reflection

O n n n
4.6 4.8 5 5.2 5.4
A X 104

FIG. 4. Reflection coefficient of a nonlinear diffraction problem
related to the BIC shown in Fig. 2(a), for different incident amplitude
A (with unit V/m), wave number BL/(27) = 0.01, and frequency
oL/Q2rc) = 0.53246.
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A X 104

FIG. 5. Reflection coefficient of a nonlinear diffraction problem
related to the BIC shown in Fig. 2(b), for different incident
amplitude A (with unit V/m), wave number BL/(27) = 0.082 28,
and frequency wL /(2w c) = 0.65040.

corresponding quality factor is Q & 3.1x10*. The frequency
of the incident wave is chosen to be wL /(2 c) = 0.53246. In
Fig. 4, we show a curve relating the reflection coefficient R
and the incident amplitude A. For A between 4.93x10* and
5.21x10* V/m, R has multiple values corresponding to the
multiple solutions related to the OB phenomenon.

The second BIC is the propagating mode shown in
Fig. 2(b). Its frequency and wave number are w,L/(27c) =
0.647949 and B, L/(2m) = 0.072 28, respectively. For 8 given
above, there is a resonant mode with complex frequency
w.L/(2mc) = 0.650409 — 0.000004 8i. The corresponding
quality factor is Q ~ 6.8x10* For incident waves with
frequency wL/(2mc) = 0.65040 and the given B, we solve
the nonlinear diffraction problem and obtain the multivalued
amplitude-dependent reflection coefficient R shown in Fig. 5.
Notice that OB occurs when A is between 2.73x10* and
2.81x10*V/m.

The third BIC shown in Fig. 2(c) is the symmetric standing
wave on an array with radius ¢ = 0.382L and dielectric con-
stant €; = 6.449 74. Its frequency is w, L /(2 c) = 0.573 935.
For BL/(2m) = 0.01, the array has a resonant mode with com-

]
[
RS
8 0.5¢
D
o
0 I L L
130 135 140 145 150

A

FIG. 6. Reflection coefficient of a nonlinear diffraction problem
related to the BIC shown in Fig. 2(c), for different incident amplitude
A (with unit V/m), wave number SL/(2m) = 0.01, and frequency
oL/Q2rc) =~ 0.574086.
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plex frequency w.L /(2w c) = 0.574 086 — 0.000 000 022i and
quality factor Q ~ 1.3x107. For incident waves with fre-
quency wL/(2mc) ~ 0.574086 and the given 8, we find the
relation between reflection coefficient R and amplitude A as
shown in Fig. 6. We can see that OC occurs for A between
139.9 and 143.5 V/m. Compared with the two previous cases,
a much weaker incident wave is needed to realize OB, even
though B — B, is identical in all three cases.

V. CONCLUSION

On periodic structures such as an array of circular cylin-
ders, there could be special guided modes in the radiation
continuum, and they are referred to as BICs. Near a BIC with
Bloch wave number g, there are resonant modes that depend
continuously on a given Bloch wave number 8. As 8 — B,
the resonant frequencies of these modes converge to that of
the BIC, and their quality factors tend to infinity. Using a
perturbation theory, we show that for a typical BIC, the quality
factors are proportional to 1/(8 — B,)?, but for a symmetric
standing wave (B, = 0) on a symmetric periodic structure,
the quality factors are proportional to 1/8*. The latter case is
particularly interesting, since it gives rise to strong resonances
with a relaxed requirement on f.

As an application of the resonances near the BICs, we
study optical bistability for single arrays of circular cylinders
with a Kerr nonlinearity. Since the nonlinear coefficient of a
conventional dielectric material is very small, usually OB is
only possible for very strong incident waves. With resonance
enhancement, the required incident-wave amplitude for OB
can be significantly reduced. Since the quality factors of
the resonant modes near a BIC can be arbitrarily high, in
principle, OB can happen for incident waves with arbitrarily
low intensity. Our numerical results for three different BICs
and the same B — B, confirm that the smallest incident
amplitude needed for OB can be realized by resonances near
a symmetric standing wave.

It should be pointed out that the existence of BICs and
nearby resonances with arbitrarily high quality factors requires
an infinite structure with perfect periodicity. In practice, the
array is always finite, the cylinders are not perfectly identical,
the length of the cylinders is also finite, and the incident wave
cannot be a true plane wave. Clearly, it is important to study
these practical issues. For a finite array of possibly distorted
cylinders, the resonant modes form a discrete sequence, but it
is worthwhile to find out whether there are particularly strong
resonances when the related ideal periodic array supports
symmetric standing waves. It is also highly relevant to consider
incident waves with a finite beam-width and to study optical
bistability when the frequency and the main wave-vector of
the beam are related to different kinds of BICs.
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APPENDIX

The perturbation theory is developed for resonant modes
near a BIC on a 2D periodic structure with a dielectric function
€(x,y), where € is real and periodic in y with period L, and
€ = 1forx > L/2. A BIC is a special solution u, = e¢/#¢,
for areal frequency w,. For areal § close to but not equal to S,
the linear Helmholtz equation has a resonant mode u = e/’ ¢
for a complex w near w,, where ¢ is periodic in y and satisfies
the outgoing radiation condition (9). The perturbation theory
is developed for g = (w/c)? and ¢, assuming 8§ = 8 — B, is
small. The operator 7 appearing in the boundary condition
(9) is related to u,, which has been expanded in Eq. (13). For
m = 0, we have

Mx0 = i\/ 8x _ﬁ,%a

o i1 =28
2/gx — B2

Jop = i(g2—1  i(g1 =28 .
2/g. — B2 8(g«— B2

For m # 0, we have

Mosm = R fm — &+

Kim = 81— 2P )
2\/ fm — &x
Y T S (i
gm £ 8( ,.% *)3/2

Based on the expansions for ¢, g, and 7, we obtain the
equations and boundary conditions for ¢, ¢, and ¢,.

Multiplying Eq. (16) by ¢, (the complex conjugate of ¢,)
and integrating the result on the square €2 (given by |x| < L/2
and |y| < L/2), we obtain

/a*wldr = —21'/ 5*%dr+2,3*/ || 2dr
Q @ dy Q

—g / €lo. | dr.
Q

For the left-hand side above, we notice that

6.Lb1 = ¢ Lb +V - (@, Vo1 — $1V,) +2iBd,(d,1)-

The first term in the right-hand side vanishes. Due to the
periodicity in y, the integral of the last term on 2 is zero.
Using Green’s theorem, we obtain

/a*wldr:/ [E*%—@%]d&
Q A0 vV dv

where 92 is the boundary of 2; v is the outward unit normal
vector of d€2; and 9, becomes 9, —d,, —d,, and 0, on the
top, bottom, left, and right edges of €2, respectively. Due to the

(AL)
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periodicity in y, the line integrals on the top and bottom edges
cancel out. Using the boundary conditions (19) and (20), we
obtain

/ ¢ Lodr = J(Fo) + J(Fy) = J(Fy), (A2)
Q
where
Fo = ¢.(T.d) — ¢1(T.). Fi = . Tig..
and for each integer j,
L/2
J(F)) = f (Fj(L/2,3) + Fi(—L/2,0)ldy.  (A3)
—-L)2

Since ¢, decays to zero as |x| — 0o, we have cfo = (0, where

¢E are the Fourier coefficients of ¢, at x = +L/2, as in

Eq. (25). In addition, i, (for 7,)is real if m # 0. Using these
results, we can verify that J(Fy) = 0. Using the Fourier series

of ¢, at x = +L /2 and the definition of 7}, we obtain

J(F1) = g1Bo — By, (A4)

where By and B; are given in Eqgs. (23) and (24), respectively.
Combining Egs. (Al), (A2), and (A4), we obtain Eq. (22)
for g;.

Next, we assume that the periodic structure has a reflection
symmetry along the y axis, i.e., € is an even function of y, and
consider resonant modes around a standing wave ¢, which is
either symmetric (even in y) or antisymmetric (odd in y). Due
to the symmetry, g is an even function of §. The conditions
B« =0 and g; = 0 lead to some simplifications. Notice that
Bsm = 2mwm/L, and for m # 0,

_IB*m

Mim = 2—7
wm g*

8x
MHom = + 32"
2 3m — 8« ( 2m - g*) /

Multiplying Eq. (29) by ¢, and integrating the result on €2,
we obtain

/ . Loadr — f 6 Pdr — g2 / €|g.[2dr
Q Q Q

_ 3
—Zi/ 5.2
Q dy

For the left-hand side, we notice that

Lo =L+ V - (9, Ve — $2V,).
This leads to

f $.Lodr = / [@%—m%}m
Q I V 31)

= J(F)+ J(F3) + J(Fy)
= J(F2) + J(F3),

(A5)

where
F, = ¢, T¢., F3=9¢.Ti¢,
Fy = ¢, T.¢r — $2(Togp),

and J(F);), for j =2, 3, and 4, are defined in Eq. (A3). In the
above, we notice that the line integrals on the top and bottom
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edges of Q2 cancel out, the boundary conditions (19) and (21)
are applied, and J (Fy) = 0. Therefore, we can rewrite Eq. (AS)
as

Zi/a*%dr—kj(&)
Q dy
= / g 2dr — g / elgPdr — J(Fy).  (A6)
Q Q

Multiplying Eq. (28) by ¢, integrating the result on €2, and
taking a complex conjugate, we obtain
. 39,
21 [ 002dr = [ lgeeton = (98 Plar
Q y Q
+ J(F5) + J(Fo), (A7)

where F5 = ¢ 7,¢; and Fg = ¢ 7, ¢,. Using the properties of
¢, and 7, mentioned above, we can verify that

J(Fg) = J(F3).

PHYSICAL REVIEW A 95, 023834 (2017)

In addition, we notice that

/ 3,001 4,00 dr:/ 0600, _
Q dy dy Q 0y

Therefore, Eq. (A7) can be written as
-0
2i/ 5.2 4+ Ry
Q dy

- / (Vi — gueldsPIdr — J(F5).  (A8)
Q

Using the Fourier series of ¢, and ¢, at x = £L/2 and the
definitions of 7, and 7>, we obtain

J(F) =LY pon(lch, 1> + le;, 1) = g2Bo + Ba.

m

J(F5) =LY T(lch, 1> + lcp,,1?) = Bs,
m

where By, B;, and Bj are defined in Sec. III. The formula for
2, 1.e., Eq. (30), can be easily obtained from the above two
equations and Eqgs. (A7) and (AS8).
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