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The photonic bandgap of magneto-optical (MO) photonic crystals (PhCs) induced by an external dc magnetic field is
theoretically investigated with the plane-wave expansion method. The effect of PhC lattice shape, MO filling fraction
and dc magnetic intensity on such type of bandgap has been studied. It is found that PhC with triangular lattice is
superior to PhC with square lattice in term of bandgap width; thus, the one-way waveguide composed by the former
PhC has a broader operation band. Moreover, there exists a certain value of external magnetic field at which the bandgap
reaches a maximum. These results are found to be in agreement by finite element analysis of transmission property
of one-way waveguides.
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1 Introduction
The ability to control light propagation
dynamically using photonic crystals (PhCs) has been
demonstrated both theoretically and experimentally
in recent years1-8. To influence the light-matter
interaction, the refractive index in a PhC is generally
periodically modulated by properly arranging the
PhC’s structure and its parameters. As a result,
the interferences of electromagnetic (EM) waves
scattering from unit cells make the frequencies in a
certain range be strongly rejected by the structure.
That is, lights of some frequencies cannot propagate
through the structure, while lights of other frequencies
can be transmitted. Such a phenomenon is called
photonic bandgap9 (PBG). PhCs have been used
in design of a great deal of devices, such as
waveguides4,8,10-12, optical fibers6,7,13, resonant14,
filters15 and splitters16.
Reflection in optical devices may cause severe
problems in practice. For example, the reflection from
nearby structures of the emitted light may make the
operation of laser diodes unstable. In conventional
PhCs circuits, however, reflection may become
inevitable at sharp waveguide bends and/or the
connection of two components. To avoid the
problems caused by reflection, researchers have
proposed several concepts for realizing unidirectional
transmission recently. Figotin and Vitebskiy17,18
——————
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used the “frozen mode” to achieve unidirectional
transmission, where the group velocity of the
reflected waves is zero. More recently, Wang19,20
proposed the concept of one-way mode, where no
reflected wave presents in the device. The one-way
mode provides a new way to control the behaviour
of EM waves in PhCs, making it possible to create
new classes of photonic devices.
The sufficient condition to ensure the one-way
mode is to break the spectral symmetry and timereversal symmetry in PhCs. The commonly used
approaches to achieve one-way mode are based on
the anisotropic materials19,21 (e.g. magneto-optical
materials) or nonlinear materials22. Recently, the oneway PhC guiding system based on the MO materials
attracted a great deal of attention and their advantages
have been demonstrated both theoretically and
experimentally19-21,23-27. Under an external magnetic
field, the magneto-optical (MO) materials possess
a permittivity or permeability tensor with non-zero
imaginary off-diagonal elements. Thus, the media
is gyro-electric or gyro-magnetic anisotropic and
simultaneously breaks the time-reversal symmetry.
As a kind of most basic but useful components in
photonic devices, waveguides supporting one-way
mode (i.e. one-way waveguides) have been proposed
by many researchers20,21. In a MO PhC, the one-way
waveguide is often formed by the interface between
the MO PhC and a cladding, supporting non-bulk
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modes in the frequency range of the MO PhC
bandgaps, where the cladding can be selected
as a metal slab, a regular PhC or a MO PhC with
opposite external magnetic field. This PhC bandgap
must be such a type that it is induced by an
external magnetic field breaking the time-reversal
symmetry of the system, and it also, generally,
determines the band width of the one-way mode.
Therefore, it is necessary to study the property of
such special bandgap of MO PhCs. It was reported
that the applied external magnetic field influenced
the band gap of one-dimensional28,29 (1D) MO PhCs
(in infrared range). The MO material included
in these 1D MO PhCs only has a weak MO effect
with the gyration far smaller than 1. The band gap
of these 1D PhC exists even in the absence
of the external magnetic field, which is quite
different from what is employed in the one-way
PhC waveguides.
In the present paper, the band structures of MO
PhCs, with two-dimensional square and triangular
lattices under an external magnetic field applied,
have been investigated. The analyzed PhCs are
of dielectric-air structure (i.e. long parallel of
dielectric rods in air) and the rods are of yttrium-irongarnet material. For both structures, the plane-wave
expansion method is applied to analyze the influence
of the lattice type, filling fraction (i.e. radius of the
rods) and the intensity of the external dc magnetic
field on the external-magnetic-field induced bandgap.
The simulated results are verified through finite
element analysis of one-way waveguides composed
by MO PhCs.
2 Band Structure Calculation
From Maxwell's equations, the master equation
governing the propagation of EM waves in a MO PhC
can be expressed as:

∇× [µ(r )−1 ∇ × E ] = ε(r )ω 2 E

… (1)

where, ω, is the mode frequency; and µ(r) and ε(r),
the permeability tensor and the scalar permittivity
at position r, respectively. Since the permeability
tensor is taken into account and both the inverse
permeability tensor and the scalar permittivity ε(r)
are functions of position r, Eq. (1) is different from
the usual master equation of PhCs.
The two-dimensional MO PhCs and the
E-polarization waves are considered. The MO
material in the PhCs is assumed to be yttrium-iron-

garnet (YIG). When an external dc magnetic field
H0 is applied along the out-of-plane direction (i.e. z
direction), the permeability µ of the YIG will have
the following gyro-magnetic form:

 µ
µ(r) = µ0  −ik

 0
where, µ = 1 +

ik

µ
0

0
0

1 

… (2)

ωmω0
−ω ω
k= 2 m 2
2
2
(ω0 − ω ) ;
(ω0 − ω ] ;

ω0 = 2πγ H 0 ; and ωm = 2πγ (4π ms ) .

The material parameters for the YIG are γ = 2.8 ×10
and 4π ms = 1780 .
In order to investigate the band diagrams of
MO PhC, numerical calculation of Eq. (1) was
performed using the plane wave expansion
method31 (PWEM). As only a narrow operation
(frequency) range is of interest in the present
study, which corresponds to the magnetic field
induced bandgap, the material dispersion is neglected
in the calculation for simplicity, i.e., constant
permeability components in Eq. (2) are taken into
account. For consistency, a proper value of the
lattice constant of a MO PhC is chosen so that
the band gap lies within the operation range.
The simulation results for structures with square and
triangular lattices are reported and discussed.
The MO PhC structure of square lattice as
described by Wang20,21 is the comparison benchmark
used by many researchers. For this structure, when
an external dc magnetic field of 1600 Oe is applied,
the tensor elements32 in Eq. (2) for YIG at 4.28 GHz
are µ = 14 and κ = 12.4. The present simulations
indicate that the range of rod radius supporting
one-way mode bandgap is from 0.06 a to 0.16 a,
where a is the lattice constant of MO PhC.
For the purpose of comparison, the band diagrams
of this structure for radius r = 0.06 a, 0.11 a and
0.13 a are shown in Fig. 1(a-c), respectively.
Figure 1(d) shows the relationship between the
rod radius and the bandgap width. It is evident that
the rod radius has impact on the width of the
magnetic field induced bandgap. For the simulated
magnetic field intensity, the largest bandgap
width [i. e. about 0.052( ω a / 2π c )] is achieved at
r = 0.1 a.
6
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For the structure with triangular lattice under the
same external magnetic field, the calculated results
show that the magnetic field induced bandgap
only appears when the rod radius is between 0.065
a and 0.15 a. This means that the range of radius
supporting one-way mode for the triangular lattice is
narrower than that for the square lattice. Figures 2
(a,b and c) show the band diagrams for the triangular
lattice structure with rod radius of 0.07 a, 0.1 a
and 0.15 a, respectively. Figure 2(d) shows the
relationship between the rod radius and the bandgap
width for the triangular lattice structure, where the
largest bandgap width is achieved at r = 0.11 a.
By comparing Fig. 1(d) and Fig. 2(d), it can be
concluded that the largest bandgap width for the

triangular lattice structure is almost 1.5 times of
that for the square lattice structure used by Wang20,21.
That is, the structure with triangular lattice can
provide wider band for one-way edge mode.
The effect of the external magnetic intensity on
the magnetic field induced bandgap has also been
investigated. In this numerical analysis, the angular
frequency (ω) is fixed at 2π∗3 GHz. The values of
µ and k in Eq. (2) under different external magnetic
intensities are calculated and shown in Fig. 3(a).
The value of µ becomes negative for certain
combinations of frequency and external magnetic
intensity. This situation is out of concern in the
present study and thus not discussed here. Figure 3(b)
shows the simulation results for the normalized

Fig. 1 – Band diagrams of MO PhC with square lattice of different
radius values under dc magnetic field of 1600 Oe applied along
the +z direction (µ = 14, κ = 12.4 at ω = 2π∗4.28GHz) for radius
r = (a) 0.06 a, (b) 0.11 a and (c) 0.13 a;. (d) relationship between
rod radius and width of bandgap supporting one-way mode
[a is the lattice constant]

Fig. 2 – Band diagrams of MO PhC with triangular lattice of
different radius values under dc magnetic field of 1600 Oe applied
along the +z direction (µ = 14, κ = 12.4 at ω = 2π∗4.28GHz) for
radius r = (a) 0.07 a, (b) 0.10 a and (c) 0.15a; (d) relationship
between the rod radius and width of the bandgap supporting
one-way mode [a is lattice constant]

Fig. 3 – Impact of external magnetic intensity on the permeability of YIG and the bandgap of PhC at ω = 2π∗3GHz (a) values of µ and κ
in the permeability tensor for external magnetic intensity ranging from 1300 Oe to 2200 Oe and (b) midgap frequencies of the
magnetic-field-induced bandgaps for MO PhCs with rod radius r = 0.11a

266

INDIAN J PURE & APPL PHYS, VOL 54, APRIL 2016

Fig. 4 – Band diagrams under different combinations of external dc magnetic intensity (denoted using H in the sub-figures) and
YIG rod radius (r) at ω = 2π∗3 GHz: (a-d) for square lattice PhC under H = (a) 800, (b) 1000, and (c) 1600 Oe, (d) relationship
between bandgap width and YIG rod radius for PhC with square lattice under different external magnetic intensities; (e-h) for triangular
lattice PhC under H = (e) 800, (f) 1000, and (g) 1600 Oe, (h) Relationship between bandgap width and YIG rod radius for PhC with
triangular lattice under different external magnetic intensities

Fig. 5 – Simulation results for one-way waveguides composed by PhCs with square and triangular lattices: (a) Transmission properties of
waveguides with different YIG PhC structures under H = 1000 Oe [curve with triangular marks is for waveguide with triangular lattice;
curve with square marks is for waveguide with square lattice; and YIG rod radius is r = 0.1 a for both PhCs]; (b) transmission properties
of waveguides with different YIG PhC structures under H = 1600 Oe; Simulated electric-field amplitudes for one-way waveguides with
H = 1000 Oe at the frequency of 3 GHz with (c) square lattice and (d) triangular lattice

midgap frequency of the magnetic field induced
bandgap. It is evident that the normalized midgap
frequencies for both square lattice MO PhC
and triangular lattice MO PhC exhibit piecewise
linear and increasing relationship with respect to
the external magnetic intensity. Moreover, the

normalized midgap frequency of PhC with square
lattice is always higher than that with triangular
lattice and correspondingly, the former PhC has a
larger lattice constant. The influence of the external
magnetic intensity on the bandgap width is shown
in Figs 4(a-h). For both types of PhC structures, the
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bandgap width increases when the external
magnetic field grows, but it reaches a maximum
at a certain value of the external magnetic field and
then decreases when the external magnetic field
further grows. So, for one-way waveguide system,
it is not true that the stronger the external magnetic
field, the better it exhibits.
To confirm the above results, the finite element
method30 is applied to analyze the transmission
features of one-way waveguides composed by
2-D PhCs with square and triangular lattices.
Each 2-D PhC under study has a two-layered
structure, and two external dc magnetic fields
with identical magnetic intensity applied along
the + z and − z axes, respectively to produce gyromagnetic effect. This is similar to the one obtained
earlier 16. For the 2-D PhC with square (triangular)
lattice, both the upper-layered and the lower-layered
PhCs are a square (triangular) array of YIG
rods ( ε = 15ε 0 )in air. The transmission features for
the one-way waveguides with different structures
under different magnetic fields are shown in Fig. 5.
Figures 5(a and b) show the comparison of the
PhC structure’s impact on the one-way waveguide
transmission, where the curve with triangular
marks corresponds to the results for the waveguide,
with triangular lattice. The curve with square
marks shows the results for the waveguide with
square lattice, and both the external magnetic
intensity and the normalized value of rod radius
( r / a ) are the same for the two PhCs. The simulated
electric field amplitudes for one-way waveguides
with square and triangular lattices at 3 GHz
are shown in Figs 5(c and d), where the external
magnetic field is H 0 = 1000 Oe. By carefully
examining the results in Fig. 5, it can be concluded
that the simulation results coincide with the results
obtained using PWEM.

which this type of bandgap reaches a maximum.
The above results have been validated by finite
element analysis of 2-D one-way mode waveguides
composed by PhCs with triangular lattice and square
lattice under different design parameters. The results
of this paper can be used to guide the design
of photo electronic devices such as waveguides,
circulators, splitters, and some phase compensating
devices.

3 Conclusions
The effect of several factors on the magnetic
field induced bandgap of MO PhCs that support
one-way edge modes has been investigated.
For PhCs with the same filling fraction and
external magnetic intensity, the one with triangular
lattice can provide wider band for one-way
waveguide than that with square lattice, and
the midgap frequency for the former is always
lower than that for the latter. Moreover, there
exists a certain value of external magnetic field, at
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