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Electro-tunable localized modes in 2D nematic-liquid-crystal

photonic crystal with a point defect
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Introducing the finite difference time domain method and perfect match layer absorbing boundary condi-
tion, the electro-tunable localized modes in two-dimensional (2D) nematic-liquid-crystal photonic crystal
with a point defect (1PD2D-NLCPC) are investigated by numerical simulation. The numerical simulations
show that as the direction of the external electrical field varies, the band gap in the 1PD2D-LCPC changes;
when the wavelength in the band gap is the wavelength of the sine source wave, the most of optical field
energy is localized in the point defect; therefore manipulating the direction of the external electrical field
causes the change of the localized mode.
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Photonic crystal is a kind of medium in which the re-
fractive index changes periodically[1,2]. With proper
designation, there is a band gap in which the propaga-
tion of the electromagnetic wave is prohibited. When the
photonic crystal has a disorder, the localized mode exists
in the photonic crystal band gap[3,4]. Therefore the study
of the localized mode is very significant for the resonant
micro-cavity. The tunable properties of the band gap
arouse more and more researchers’ interests[5−10].

It is an economical and functional method for design-
ing photonic crystal that combines the tunable property
of the liquid crystal’s refractive index with the band gap
property of photonic crystal[11−16]. When the electric
field intensity is over the threshold, all the directors of
the nematic liquid crystal (NLC) parallel the direction of
the electric field, that is, the NLC can be considered as
a kind of uniaxial material[17]. Therefore, manipulating
the direction of the electric field is an easy and feasible
way to tune the effective diffraction index of the NLC.

In this letter, we numerically study the electro-tunable
properties of the defect mode in the two-dimensional
(2D) liquid-crystal photonic crystal with a point defect
(1PD2D-LCPC) by the finite difference time domain
(FDTD) method and the perfect match layer (PML)
boundary condition.

Figure 1 is the structural model of 1PD2D-NLCPC.
The gray holes are filled with liquid crystal, while the
background is a kind of medium with refraction index of
17. There are 29 rows in this structural model, and the
big defect hole locals at the center of the model. The
radius of the small hole is 100 nm, and the radius of the
big hole is 333 nm. Except the rows where the big defect
hole locals, there are 29 small holes at the odd row in
the model, while 28 at the even row. The distance of the
centers of the two adjacent small holes is 222 nm. In Fig.
1, the black point O is the position of source, and the
black points A, B and C are the three detective points.
The electric birefringence effect of nematic liquid crystal

is shown in Fig. 2, where the direction of the electric
field parallels the xoz plane, and θ is the angle between
the x axis and the direction of the electric field.

The NLC 4-cyano-4’-pentylbiphenyl (5CB) is in-
troduced for its behavior near the phase transition
has been thoroughly studied and its chemical stabil-
ity against the exposure of strong laser beam[18]. To
5CB, its nematic phase range is from 24◦ to 35.3◦,
moreover, its absorption loss can be negligible[19,20].
The permittivity tensor of 5CB can be expressed as

Fig. 1. Structural model of 1PD2D-NLCPC.

Fig. 2. Electric birefringence effect of nematic liquid crystal.
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where εxx = 2.32, εyy = 2.32, εzz = 2.91.
The FDTD method and the PML boundary condition

are both basing on the maxwell’s partial difference equa-
tions and introduced to investigate the electromagnetic
wave guiding, radiation, and scattering phenomena and
technologies[21]. The NLC’s parameter tensor can be ex-
pressed by Eq. (1) in 1PD2D-NLCPC. The maxwell’s
curl equations are easy to know as
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where ε0 is the free space permittivity (8.85 ×

10−12 F/m), ε′ is the relative permittivity tensor, µ0

is the free space permeability (4π × 10−7 H/m), µr is
the relative permeability which equals 1 in this letter,
σ is the electric conductivity which equals 0, σm is the
equivalent magnetic loss which equals 1, Ex, Ey, Ez and
Hx, Hy, Hz are the three components of the electric and
magnetic field vector, respectirely.

When it comes to reduction to 2D for transverse mag-
netic (TM) wave, the spatial derivatives of the electric
and magnetic field with respect to Z must equal zero.
Under these above conditions, the maxwell’s curl equa-
tions of TM wave are
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The permittivity and permeability are set as follow in
FDTD.

ε = ε0[εxx sin2 θ + εzz cos2 θ+

(εxx − εzz) cos θ sin θ], (7)

µ = µ0µr. (8)

Fig. 3. Spectral plot when θ = 0◦. (a), (b), and (c) Corre-
spond to the positions A, B, and C in Fig. 1, respectively.

Fig. 4. Spectral plot when θ = 30◦. (a), (b), and (c) Corre-
spond to the positions A, B, and C in Fig. 1, respectively.

Fig. 5. Spectral plot when θ = 45◦. (a), (b), and (c) Corre-
spond to the positions A, B, and C in Fig. 1, respectively.

The FDTD method and the PML condition are in-
troduced for numerically simulation. The parameters
are set as follow: the size of the computing space is
6.667 × 6.667 (µm), the time step ∆t = 9.266 × 10−18

s, the space step ∆x = ∆y = 5.556 nm.
Firstly, for investigating the spectrum properties at the

three detective points A, B, and C with the various an-
gles, the modulation Gaussian pulse wave is applied as
the wave source. The electric field is set as

Ez = sin(ω0t) exp

[

−

(t − 3τ)2

τ2

]

, (9)

where t stands for time, and Ez is the electric field
intensity of the source at the point O in Fig. 1, the
center wavelength of the modulation Gaussian pulses is
λ0=450 nm, ω0 = 2πc/λ0, the pulse width parameter
is τ = 1.2 × 10−15, the effective calculating wavelength
range is from 290 to 610 nm. The ratio of E2 to E

′2
z

at their corresponding frequency obtained after Faster
Fourier Transform (FFT) is called as T .

T =
E2

E′2
z

. (10)

After 25 000 time steps calculation, we acquire the
spectral plots of the three detection points with various
angles in Figs. 3–7, where θ equals 0◦, 3◦, 45◦, 60◦,
and 90◦, respectively. As is shown in Fig. 3, the range
of the band gap’s wavelength is from 468.1 to 490 nm
when θ equals 0◦. In Fig. 4, the range of the band gap’s
wavelength is from 490.2 to 502 nm when θ equals 30◦.
In Fig. 5, the range of the band gap’s wavelength is from
478.5 to 490 nm when θ equals 45◦. In Fig. 60, the range
of the band gap’s wavelength is from 478.9 to 502 nm
when θ equals 60◦. In Fig. 7, the range of the band gap’s
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Fig. 6. Spectral plot when θ = 60◦. (a), (b), and (c) Corre-
spond to the positions A, B, and C in Fig. 1, respectively.

Fig. 7. Spectral plot when θ = 90◦. (a), (b), and (c) Corre-
spond to the positions A, B, and C in Fig. 1, respectively.

Fig. 8. Optical field distribution when θ=60◦. (a) λ=475 nm;
(b) λ= 500 nm.

Fig. 9. Optical field distribution when θ=60◦. (a) λ=475 nm;
(b) λ= 500 nm.

wavelength is from 468.1 to 496.1 nm when θ equals 90◦.
Secondly, using the sine wave whose wavelength is 475

or 500 nm as the source wave, we numerically study the
optical field distributions when θ = 0◦ and 60◦ in order
to obtain the localized property. The optical fields’ dis-
tributions are obtained in Figs. 8 and 9 after 30 000 time
steps calculating. Let θ = 0◦, as shown in Fig. 8(a),
the most optical field energy is localized in the big defect
hole when the wavelength of the wave source λ is 475 nm;
as is shown in Fig. 8(b), the optical field energy shows a
kind of dispersive distribution in the whole research area
when the wavelength of the wave source λ is 500 nm.
Let θ = 60◦, as shown in Fig. 9(a), the optical field en-
ergy shows a kind of dispersive distribution in the whole
research area when the wavelength of the wave source
λ is 475 nm; as is shown in Fig. 9(b), the most optical
field energy is localized in the big defect hole when the
wavelength of the wave source λ is 500 nm. The reason of
this phenomenon is that the band gap range has changed
as the angle θ varies. Therefore, the wavelength in the
band gap becomes that outside the band gap, while the
wavelength outside the band gap becomes that in the
band gap. When the wavelength in the band gap is the
wavelength of the sine source wave, the most of optical

field energy is localized in the big defect hole, so the
band gap is the localized band as well.

In conclusion, after numerically simulating, the electro-
tunable properties of the localized modes in 2D nematic-
liquid-crystal photonic crystal with a point defect are
obtained. The structure of the band gap changes as the
direction of the electric field changes, the wavelength
in the wavelength becomes that outside the band gap,
while the band gap outside the band gap becomes that
in the band gap. When the wavelength in the band gap
is the wavelength of the sine source wave, the most of
optical field energy is localized in the big defect hole. So
the band gap in this structure is also the localized mode.
The investigations of the tunable localized properties are
very significant for the 2D resonant cavity and quantum
information system.
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