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Abstract To demonstrate the existence of singular
parity-time symmetry (PT-symmetry) broken point in
optics system, we designed a one-dimensional PT sym-
metric structure including N unit-cell with loss and gain
materials in half. We performed an analytical deduction to
obtain the transmittance and reflectance of the structure
basing on Maxwell’s equations. We found that with the
exact structure unit-cell number and the imaginary part of
refraction index, the transmittance and reflectance are both
close to infinite. Such strict condition is called the singular
point in this study. At the singular point position, both the
transmission and reflection are direction-independent.
Away from the singular point, the transmittance and
reflectance become finite. In light of classical wave optics,
the single unit and total structure both become the
resonance units. The infinite transmittance and reflectance
result from the resonance matching of single unit and total
structure. In light of quantum theory, the singular point
corresponds to the single eigenvalue of electromagnetic
scattering matrix. The infinite transmittance and reflec-
tance mean a huge energy transformation from pumping
source to light waves. Numerical calculation and software
simulation both demonstrate the result.

Keywords parity-time symmetric (PT-symmetric) struc-
ture, singular point, transmittance, reflectance

1 Introduction

In designing optical transmission system, the material
refraction indexes take the leading position. Diverse
distributions of refractive index have led to great progress
in optics ranging from the design and fabrication of
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photonic crystals [1] and photonic crystal fibers [2] to the
exploration of nanoplasmonics [3] and metamaterials with
negative refraction effect [4]. For most cases, people
consider the ideal dielectric with real refractive index. Loss
is a trivial problem that is usually solved by the loss
correction or compensation gain [5]. Gain is also used to
overcome the loss. For long time, loss and gain have taken
a back seat in optics design. However, such a situation has
been changed since parity-time symmetric (PT-symmetric)
structure was used in optics [6,7].

The PT-symmetric structure comes from quantum
mechanics. In quantum mechanics, the parity operator p
leads to ¥— —xand p— —p, and the operator 7" leads to
X—X, i—>—i and p— —p, where X and prepresent the
position and momentum operators, respectively. For a non-
Hermitian Hamiltonian A = p® /2 + V(%) associated with
a complex potential V' (x), it is parity-time symmetric
provided that it commutes with the parity-time operator,
ie., f][?T =;3Tﬁ. In this case, # and pT have a common
set of eigenfunctions and the non-Hermitian Hamiltonians
can actually possess entirely real spectra as the Hermitian
Hamiltonians possess. The lack of completeness or the
breaking of PT-symmetry is associated with the presence
of exceptional points for the discrete spectrum or the
spectral singularity for the continuous spectrum [8].

Matter wave phenomena under the framework of non-
Hermitian Hamiltonians are often taken as an analogy
study in optical systems with balanced gain and loss,
because optics can provide a productive test bed where the
notions of parity time symmetry can be experimentally
explored. In optics, PT-symmetry demands that the
complex refractive index obeys the condition n(r) = n*
(—7), in other words the real part of the refractive index
should be an even function of position, whereas the
imaginary part must be odd. In these optical systems, gain
and loss have played the important role in determining
optical properties. Many intriguing physical phenomena
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with PT-symmetric systems have been predicted and
observed, such as loss induced transparency [9], power
oscillations and nonreciprocity of light propagation [7],
coherent perfect absorber-lasers [10—12], optical switches
[13], on-chip optical isolation [14—16]. The one-dimen-
sional sinusoidal [17,18] and layered PT symmetric
complex crystals [19,20] with balanced gain/loss modula-
tions may be highlighted since they show one-way
enhanced reflection, while remains total transmission
(unidirectional invisibility). The unique phenomena
occur at the exception point or PT-symmetry breaking
threshold. At the special position, the sum of reflectance
and transmittance are larger than unit, which means that the
extra energy is obtained from pumping light to the gain
regions of the structure. Another important PT-symmetry
phenomenon is that the spectral singularities in complex
scattering potentials are achieved through an electromag-
netic waveguide [8]. At the spectral singularities unbelie-
vable infinite reflectance and transmittance occur. Other
researchers also pointed out the existence of novel singular
points in the broken-symmetry phase [10-12,21,22]. The
singular points are associated to the single eigenvector and
eigenvalue of electromagnetic scattering matrix (S matrix)
[21]. Although the concept of spectral singularities has
been introduced into optics system, the analyzed method is
also based on quantum theory [8]. In this paper, we
demonstrate the existence of the singular broken PT-
symmetry points through a classical analytical method
from Maxwell equations. Thus our study can provide a
more direct demonstration about the singular point.
Different from the structures including one unit-cell with
loss and gain materials in half embedded in the rectangular
waveguide [10-12,21,22], the structure in this study is a
one-dimensional model including N unit-cell with loss and
gain materials in half. We verify that the singular broken
PT-symmetry point has infinite reflectance and transmit-
tance. In this paper. we find that the direct physical reason
for the singular point is the exact match between the unit
resonance and the system resonance. We also find the
singular point just corresponds to the single eigenvalue of
the electromagnetic § matrix. The results are also
demonstrated through numerical calculation and software
simulation.
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2 Model and analytical deduction

Optical PT-symmetry in one-dimensional structure
requires the complex refractive index distributed in x
direction in the form of n(x) = n*(—x). In this paper we
construct such PT symmetric structure by placing two
layers A and B with the same thickness d alternately in the
x-axis. The refraction indexes for layers A and B are
chosen as ny = ng + ip and ng = ny—1ip, respectively, to
satisfy the PT-symmetry condition. The structure is
schematized in Fig. 1.

A B A B

A= oTIp | mp=ng=1p [ ny=ngtip [ ng=ny=1p

Fig. 1 Schematic diagram of PT symmetric layered structure

For such structure with N period units, we can obtain its
transmission properties through strict analytical deduction.
For layered structures, the transmittance and reflectance are
dependent on the transfer matrixes [23]. The matrixes
associated with layers A and B are

[ cosd, —1/nsindp
my = . )]
| —in,8indy COSOp
and
cosdp —1i/ngsindy
mg=| , 2
| —ingsindg cosdp

Where 5A = nAkod = l’lokod + lpk()d and 5B = I’lBk()d =
nokod —ipkygd denote the phase change for normal
incidence in layers A and B, respectively. For left
incidence (from left to right), the matrix for a unit-cell is

—1/ngCcosdsindg —1/nsind,cosdy 1 3

COSOACOSI — 1 p /NpSindsindy

For the whole periodic structure with N unit-cells, we have the total matrix M

My, M, myuy_1(a)—uy_,(a mypuy_1(a
Mem' — 1 121:l nty-1(a)—uy _»(a) nuy-1(a) ]’ @)
My M myuy - 1(a) myuy 1 (a)—uy 2(a)
where a = (m;; +my,)/2and uy are the Chebyshev sin[(N + 1)cos™'(a)]
uy(a) = . )

Polynomials of the second kind from [23]

V1-d?
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For background material with refraction index ny, the
transmittance and reflectance of left incidence are
respectively

27’10
T‘l £ = 9 (6)
o (M) + Myy)ng + (Myonf + M)
Ripe = (M —Ma)ng + (Myyng— M) )
. (My1 + My)ng + (Myyn§ + My)

To obtain 7. and Ry, we first calculate the important
parameter a. For simplicity, we denote d, = J + iAand
og = 0—IiA, in which ¢ = ngkyd and A = pkyd. Thus we
have

a= (my; +my)/2

1
= €080 COSOR ) <n—B + n—A> Sind,sindg
na ng

Ql(O+HA) | o—i(0HA) i(0-i) 4 o-i(0-iA)

2 2
| 13— p? ell0HB) _-i(o+i) Gi(-i8) _-ifo-ia)
7511% + ,02 21 2i
= ¢0s(20 + k) = cosa, ®)
where a = 20 + k, and x is a small quantity that is used to
correct the approximation of nzﬁ 7p22 =1 for ny>>p used
ng+p

in the conduction of Eq. (8). Here, we make the first
constraint condition

20=jm (j=1,2,3...). )
From 6 = nykyd, we have
where A is the incidence wavelength. Thus we have
sin[(N + 1)a
uy(a) = %, (11)
and
sin(Na) sin[(N—1)a
My =myy ( ) [(. ) ], (12)
sina sina
sin(Na
My =my, si(na ), (13)
sin(Na
My = my, ( ), (14)

sina
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sin.(Na) _sin[(N-1)d] .

My = my,

. (15)
sina
Next basing on o = 26 + k = jn + x, we make follow-

ing operations.
sin(Na)

My + My, = (myy + my,) -

( 2sin[(Nf 1)a]
sina

sina

sin(Na) 7zsin[(N— 1)a]

= 2C0S0—
sina

sina

2
= —=[cosasin(Na) —sin(Na—
sinOc[cosozsm( a)—sin(Na—a)]

= 2cos(Na)
= 2cos(Njn + Nk). (16)
For large N, we apply the second constraint condition
Nk = (N, +1/2)n (N; =0, £1, £2...). (17)
That leads to
My + My, =0, (18)
+ - 4i ind 4 sind
My~ My, = (mll my,) _ IPZOSIHZAS.IH B (19)
sina (ng + p*)sina
+
My, = =12 (20)
sina
+
My = 2 1)
sina
+
Myn§ = ~mlz G
sina
nz l’l2
= 4| —i—2c0sdAsindp — i—2sind, cosdy | /sina
ng np

2
. . . . ny .
= F[—in,C080,8indp —ingsind, cosdp|———/sina
n
0

= +[—inpcosd,sindg —ingsind,cosdg|/sina.  (22)

In Eq. (22), we have made the only approximation in this
study for the large contrast of n and p

2

My
—— =~ 1. 23
pr (23)

Under this approximation, we further have
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Mlzn% + M21 = Zt[_iCOS&ASinaB(I’ZA —+ nB)
—isind,cosdg(np + ng)]/sina

= Fi2ny(cosdsindg + sind,cosdy)/sina,
(24)

Mlzn% *le = i[*iCOSéASinéB (nA *I’ZB)
—icosdgsindy (ny —ng)]/sina

= +2p(cosdsindg + cosdgsindy ) /sina,

(25)
COSJASINdg + COSORSING A
Ql0HA) | o i(FHA) Gi(0-iA) _ o -i(6-iA)
B 2 2i
. Qll0-18) 4 o i(0-i8) (i(0+iA) _ o —i(a+iA)
2 2i
= sin(20). (26)

Taking Egs. (18), (19), (24) and (25) into Egs. (6) and
(7), we obtain

2}’10

(Myy + My)ng + (Myon§ +le)

Tleft =

_ 2ngsina
| 0 F 2ingsin(26)

’ @7

(M1 — M)y + (Myyng—Myy)

R —
et (My) 4 My)ng + (Myyn§ + M)

2pn%sin§ ASINdp
G
+nysin(20)

F ipsin(24)sina

(28)

From Eq. (9), we have sin(2d) = 0. Since sina, sind, and
sindg are all finite, 7. and Rj.q are both close to infinite.
The infinite values are based on a special status. Thus
Egs. (9) and (28) state the resonance condition and the
resonance amplification effect, respectively. We will
demonstrate in the next section that it is a special PT-
symmetry broken point. However, we should notice that
the infinite 7).,z and R,z are based on the constraint
conditions of Egs. (9) and (17). Such conditions lead that
such PT-symmetry broken points should be singular and
only dependent on the two special structure parameters N
and p if Eq. (9) holds.

Up to here, one may ask whether the infinite 7). and
Ry occur for only left incidence. In this study, we can
demonstrate for right incidence (from right to left) infinite
transmittance and reflectance occur at the same parameters
N and p. In fact, for right incidence the matrix of a unit-cell
is

, , . . . . . .
, mi; mij, COSORCOSOp —Mp /npsindpsindy  —i/nacosdpsind, —i/ngcosd,sindg
m = mpgmy = = ) ) ] ) i ) . (29
My, My — 11 COSAI 4 SINJR — 1115 COSORSINI o COSORCOSOp — N /NASINORSINI,

The total matrix M’ is

’ ’ ’ 4 4 ’ 4
) N M, M, miyuy_1(a’)—uy_5(a") miuy_(a")
M =m"= = Y = , ) / ) ) (30)

21 22 myuy_y(a’) myuy 1(a’)—uy 2(a’)

From Eq. (30), we easily find that a’ = (m{, + m3,)/2
= (my; +my)/2 =a. In this condition, we can
demonstrate M|, + My, = M| +M,,, M{|—My, =
*(Mll *Mzz), M{z :M12 and M2,1 = Mz]. Comparing
Egs. (6) and (7) with

27’[0
(M, + My, )ng + (Mfz”%‘f' M2,1) ’

€3]

Tiepy =

(M{I*Mz,z)”0+(Mllzn(z)*Mz,l) '
(M, + My, )ng + (M{z n} + MZ,I) ’

Riery = (32)
we find Tijqp is always equal to 7jeq, thus the transmission
is always reciprocal. However, without the constraint
condition of Eq. (9), M{,n}—Mj, is not equal to zero.
Because of M| —M;, = — (M}, —Mp,), Ryigy is not equal
to Ry Therefore, only at the isolated PT-symmetry
broken point with M{,n3—M;, = 0, the reflection is
reciprocal.
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3 Demonstration by numerical calculations
and simulation

Here we consider a specific example. Taking arbitrary
values of A = 150 nm and ny = 3, the value of d is taken as
d = 521/(4ny) = 62.5 nm according to Eq. (10). Thus T
and R are only dependent on the two parameters N and p.
Based on Egs. (6) and (7) and a Matlab program, the 3D
plots of Ti.4(N,p) and Ry.(N, p) are plotted in Fig. 2. We
can see from the figure that there is an isolated point at N =
149 and p = 0.0158 at which both T} and Ry, are close to
infinite. Such result just demonstrates the above analytical
formulations. It also demonstrates the existence of the
singular PT-symmetry broken point aforementioned.
About the point, two features should be mentioned. First,
it is achieved through a finite period number and small
modulation depth of index. Second, according to the
analytical formulations in above section, if d = 51/(4n,)
holds, the wavelength A can be arbitrary changed and the

transmittance at A, (X 10%)

reflectance at 4, (X 10°)

Fig. 2 (a) Transmittance and (b) reflectance for left incidence as
a function of N and p
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PT-symmetry broken point keep its position invariant. For
example, if we take A = 15 nm and d = 6.25 nm, the PT-
symmetry broken point still occurs at N = 149 and p =
0.0158. Such feature provides us much flexibility in
designing PT-symmetry dependent device. For simplicity,
we do not show the result.

The PT-symmetry breaking can be seen from the
eigenvalues of scattering matrix § [21,22] that can be
deduced from the matrix M in Eq. (4). For PT-symmetric
systems, the eigenvalues of the § matrix either form pairs
that are unimodular in the exact PT phase, or are with
reciprocal moduli in the broken symmetry phase [22]. In
Fig. 3, we plot them with different N for p = 0.0158. It is
seen from the figure that out of the range of 145 < N < 153,
all the two eigenvalues are unimodular. The PT-symmetry
broken occurs in the range 145 < N < 153 in which the two
eigenvalues form reciprocal relation. However, in the
range 145 < N < 153, the two eigenvalues take a jumping
just at N = 149 at which they are close to infinite and zero,
respectively. The singularity of eigenvalues just corre-
sponds to the singular PT-symmetry broken point. The
dependence of the singular PT-symmetry broken point on
N means that the structure length plays an important role in
determining the optical properties of layered PT-symmetric
structure. Some similar results have been reported [18,19].
In Ref. [18], authors proposed sinusoidal PT-symmetric
complex crystals of finite thickness and found three
regimes of lengths in which the structure takes on different
properties. In Ref. [19], authors proposed periodic multi-
layer structures with PT that exhibits anisotropic reflection
oscillation patterns as the number of unit-cells is increas-
ing. Different from those in Refs. [18,19], the reflection
and transmission in our study are close to infinite and occur
at the isolated PT-symmetry broken point.

To explore the transmission mechanism of infinite 7}.q
and Rp, we perform a simulation through Comsol
software based on finite element method. We use a 2D

10°g

10°

]0—5 L 1 L 1 L 1 n 1 n
10 120 140 160 180 200
N

Fig. 3 Two eigenvalues of the § matrix with p = 0.0158 as a
function of N
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Fig. 4 (a) E, field distribution inside the PT-symmetric structure at the singular PT-symmetry broken point; (b) localized amplification of (a)

structure in the xy plane instead of infinite one-dimensional
structure in x direction and periodic boundary condition in
the y direction. We also use two ports at the two interfaces
of the 2D structure to excite plane wave with £, field. The
source field value is taken as 0.02 V/m. We perform a
frequency domain simulation with incidence wavelength A
= 150 nm and the structure parameters as given in
Section 2. The results are shown in Fig. 4(a), through
which we find huge field amplification in the PT-
symmetric structure. Figure 4(b) is the localized region
of Fig. 4(a). The dashed lines denote the interfaces of each
unit cell. We clearly find that every interface is exactly at
the localized maximum value or minimum value, which
means an intense resonance effect occurring at the
interfaces. Physically, besides each unit-cell can be
function as a resonance unit, the whole structure forms a
resonance system. Only if the unit resonance and the
system resonance are exactly matched, can the infinite
transmittance and reflectance occur. The matched condi-
tion is dependent on the values of N and p. Because this is
an open system, the coupled resonance leads to a huge
energy transformation from pumping energy source into
the gain regions of the structure. The energy transforma-
tion will bring about the infinite transmittance and
reflectance.

4 Conclusion

In this paper, we constructed a simple one-dimensional PT-
symmetric structure in which the unit cell includes two
layers with the conjugated refraction indexes. We found a
singular PT-symmetry point corresponding to a special unit
cell number and parameter p. At the singular PT-symmetry
point, infinite transmittance and reflectance simultaneously
occur. At the singular point position, both the transmission
and reflection are direction-independent. Away from the
singular point, the transmittance and reflectance will
become finite. Such result means a huge energy transfor-
mation from pumping source to light waves. This study
demonstrates the quantum theory for the singular point of
PT-symmetry system is well in agreement with the
classical analysis from the wave optics. Undoubtedly, the
strange optical phenomena can be applied in nonlinear
optics, energy transformation or other functional optical
devices.
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