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Abstract—In this study, we demonstrate a high-resolution
refractive index sensor based on a Magnetic Photonic Crystal (MPC)
composed of a triangular lattice array of air holes embedded in Si
matrix. A microcavity is created by changing the radius of an air hole
in the middle of the photonic crystal. The cavity filled with gyrotropic
materials can serve as a refractive index sensor. The shift of the
resonant frequency of the sensor is obtained numerically using finite
difference time domain method under different ambient conditions
having refractive index from n = 1.0 to n = 1.1. The numerical results
show that a tiny change in refractive index of An = 0.0001 is
distinguishable. In addition, the spectral response of the MPC sensor is
studied while an external magnetic field is present. The results show
that the MPC sensor exhibits a dramatic improvement in resolution.

Keywords—Magnetic photonic crystal, refractive index sensor,
sensitivity, high-resolution.

[. INTRODUCTION

ECENTLY, the lab-on-a-chip systems based on photonic

crystals (PCs) have been developed and fabricated as
biological and chemical sensors [1]-[6]. The mechanism for
detecting the selective binding between target molecules and
capture agents is to measure the change of refractive index (RI).
Combing ultra low-loss waveguiding [7] with relatively small
footprint microcavities [8], [9] having high quality factor Q,
PCs are becoming a popular sensing platform of ultra-compact
and large measurement range of RI due to their promising
ability to manipulate light by photonic band gap (PBG) [10].
Specifically, the great performance of confining light within a
PC microcavity results in high electric field concentration in
tiny space, which leads to efficient light interaction with
ultra-small area of analyte; therefore, the sensing area
effectively shrinks (<50 um?2) [5], [6]. Besides, the integration
of highly-dense optical components in PCs is easily
implemented rather than that in bulk optics. For example, Chou
et al. [6] have demonstrated an ultracompact PC RI sensor with
resolution of An = 0.002 and the sensitivity of less than 200
nm/RIU within the range of n = 1.0 — 1.5. However, these
proposed sensing schemes of PC microcavities have the
disadvantage on their low quality factors because the lightwave
could indispensably escape from the planar structures along the
out- of- plane direction [11].
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Magnetic Photonic Crystal (MPC) is a spatially periodic
structure with one of the materials being a magnetic material,
such as ferrite. MPCs reveal more properties than the ones
made of non-magnetic medium, such as the Faraday effect
[12]-[14] and non-reciprocity [15]-[18]. The existence of
external magnetic field results in the appearance of the
off-diagonal pure imaginary elements in the dielectric tensor,
whereas magnitude can be modulated in a way proportional to
the external magnetic field intensity [19]-[21]. Jalas et al. [22]
have investigated the Faraday effect in ring resonators which
leads to the resonance splitting of clockwise and
counter-clockwise propagating modes; moreover, the quality
factors of both resonant modes increase owing to the splitting
phenomena of the degenerate mode in presence of an external
magnetic field. H. Kato et al. [12] have demonstrated the
localization effect of light in 1D MPC can enhance Faraday
rotation more than two orders. The unique property is
attributable to the localization effect of light as a result of the
multiple interference of light within the magnetic layer.

In this work, we propose a high-resolution RI sensor based
on a MPC. The characteristics and sensing properties are
investigated numerically by the plane wave expansion (PWE)
and finite-difference time-domain (FDTD) methods. Due to the
splitting effect of the resonant mode in presence of a external
magnetic field, the quality factor Q can be dramatically
increased, which can benefit the resolution of the RI sensor.
The shift of resonant wavelength can be easily observed in the
spectral response under a tiny change in the RI of the
surrounding material.

II. THEORETICAL BACKGROUND OF MPC

To investigate the dispersion relation in periodic structures,
we study the propagation of the electromagnetic waves from
Maxwell’s equations using the PWE method [23]:

2
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where T is the position vector, H(F) is the magnetic field, o is
the frequency of light, and c is the light velocity. The dielectric
tensor &(F)=&(F+R) is periodic with respect to the real space
lattice vector R . According to Bloch’s theorem, the associated

parameters in real space can be expressed as a sum of plane
waves:
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where G is the reciprocal lattice vector, 4 is either 1 or 2, K is
the Bloch wave vector within the first Brillouin zone, and €,

are orthogonal unit vectors perpendicular to k+G.In general,
both permittivity tensor € and permeability tensor u for
magnetic material are anisotropic. At wavelengths in optical
regime, the magnetic permeability in most practical cases is
reduced to a scalar p, , which is the magnetic permeability in
vacuum. For example, the permittivity tensors & for a
gyrotropic medium magnetized along X direction can be

represented as:
&x 0O 0
e=|0 ¢, ig 4)

0 —ig &,

where &, = ¢,, = ¢,, are real, the gyrotropic factor g is
responsible for the magneto-optic effect and proportional to the
magnetization vector in the first approximation:

g = €XBext ©)

where & = 8.85 X 10712 F/m is the permittivity in vacuum, y is
magneto-optical susceptibility, and B,,; is the external
magnetic field in unit of Tesla (T). Doing some mathematical
manipulations on (1)-(4), we can obtain the following
eigenvalue equation in matrix form:
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Once the Fourier coefficients 77(@) of the periodic inverse of

E+GHR+G/

Heg = D n(G-G)
&

permittivity tensor £71(F) has been found, the eigenvalues can
be obtained by solving (6).

Fig. 1 depicts the MPC structure under investigation. It is
based on a 2D PC composed of infinitely-long air cylindrical
holes arranged on a triangular array with lattice constant a =
440 nm, embedded in silicon matrix (n = 3.32). The radius of
air holes is r = 0.36 a. If the lightwave travels in the x-z plane
perpendicular to the axis of air cylinders in the 2D PC. The (6)
can be decoupling into two independent groups for the two
respective polarizations of incidence, transverse magnetic
(TM) and transverse electric (TE) waves. In the case of TM
polarization (the magnetic field is parallel to the axis of air
cylinders), (6) can be reduced as:

2
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III. SPECTRAL RESPONSE OF MPC

A microcavity supporting a defect mode is introduced by
modifying the radius of an air hole in the middle of the PC.
Here, we fill the central air hole with the gyrotropic magnetic
material, Bi-YIG (ey, = ¢, = &,, = 4.75), and the radius of the
air hole is set to R, = 0.55 a as shown in Fig. 1 (a). The PWE
method with supercell technique is used to calculate the MPC
band structure while the external magnetic field is absent
(g = 0). According to PWE calculation, the PC structure has a
TM gap ranging from normalized frequency 0.241-0.358 in
unit of wa/2mc as shown in Fig. 1 (b).
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Fig. 1 (a) The structure of a developed sensor. (b) The band structure
of the sensor at the TM wave incidence without applying any external
magnetic field. A defect mode appears at f=0.321 (wa/2mc) within
the bandgap

A defect mode appearing within the PBG corresponds to
normalized frequency 0.321 (wa/2mc). In order to retrieve the
spectral response of the microcavity, a commercial software,
Rsoft®, based on FDTD algorithm is employed to simulate the
evolves of electromagnetic fields within the MPC structure. In
FDTD computations, the structure is a 17 x 17 PC lattice
including a defect in the middle of the PC. A Gaussian pulse is
used to excited the resonant modes within the cavity and then
the evolving fields with time are recorded at several positions
of low symmetry. The whole calculating space is surrounded by
the perfectly matched layer [24], which absorbs the outgoing
waves. Once the temporal data are recorded, the spectral
response can be calculated by fast Fourier transform to pick out
the resonant peaks of the defect mode. Fig. 2 (a) plots the
spectral response of the defect mode of the MPC. One can
observe that the resonant frequency of the defect mode, at
f=0321 (wa/2nc) =218.86 TH, , agrees with the result
obtained by PWE method. It is a degenerate mode that has two
different modes corresponding to the same frequency. The
quality factor Q = wy/Aw of the microcavity is around 1400,
where Aw is full-width at half-maximum of the resonant peak
corresponding to the resonant frequency w,. The relative
magnetic field distribution at resonance is also plotted in Fig. 2

(b).
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Fig. 2 (a) The spectral response of the sensor. (b) The spatial
distribution of the relative magnetic field normalized to the interval
[-1, 1] at resonance (f = 218.86 TH,) of the microcavity
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Fig. 3 The band structure of the MPC at the TM wave incidence with
an external magnetic field (g = 0.1) along: (a) the x-direction; (b) the
y-direction. Subplots (c) and (d) are the corresponding spectral
responses, respectively

Next, we investigate the impacts of magnetization on band
structure and spectral response of the MPC. First, a weak
magnetization with gyrotropic factor g = 0.1 is considered.
Fig. 3 shows band structures under different polarized
directions of the external magnetic field. In Fig. 3 (a), it can be
seen that a defect mode appears in the PBG when the
x-polarized external magnetic field is applied. In this case, the
MPC is actually an isotropic PC due to &,, = 0 and the similar
result can be found as shown in Fig. 1 (b). Fig. 3 (b) shows the
band structure for the y-polarized magnetic field. In the case of
&, > 0, the degenerate mode will split into two defect modes,
namely, right-hand circular polarization (RCP) and left-hand
circular polarization (LCP), whose corresponding normalized
frequency are 0.3204(wa/2mc) = 218.45 TH, and
0.3218(wa/2mc) = 219.41 TH,, respectively. For LCP and RCP
waves, the corresponding effective RI can be estimated as
Ny = /& T g [25]. The difference in effective RI induces the
splitting of the degenerate mode into two circular-polarized
modes in the microcavity. The resonant frequency of LCP is

higher than that of RCP as a result of the resonant mode of LCP
corresponding to the lower effective RI [11]. In addition, it can
be seen that the RI n, for RCP wave increases and RI n_ for
LCP wave decrease with the increasing in magnitude of
magnetization, which means that the resonant frequencies for
RCP and LCP wave move in opposite direction accordingly. It
is worth noting that the resonant peaks will emerge into
photonic pass bands when the gyrotropic factor g is too large
(which is not shown here). From the spectral response as shown
in Fig. 3 (c), there is only a resonant peak at frequency of
218.86 TH,. In Fig. 3 (d), two resonant peaks can be observed
with frequencies at 218.45 TH, and 219.41 TH,, for RCP and
LCP wave, respectively.

IV. UTILIZATION OF MPC SENSORS AND THEIR PERFORMANCE

We infiltrate the air holes of MPC with several different
analyte materials with refractive index ranging fromn=1.0ton
= 1.1 in 0.01 interval. The spectral response are calculated as
shown in Fig. 4 When the air holes of the MPC are filled with
the analyte material, the refractive index distribution of the
MPC is changed, which causes the shift of the resonant
frequency. Fig. 4 (a) shows the spectral response as the external
magnetic field is applied to x-direction at gyrotropic factor g =
0.6. The resonant frequencies are red-shiftted as the increasing
of analyze RI. Fig. 4 (b) shows the RCP (B-region) and LCP
(A-region) modes for y-polarized external magnetic field,
respectively. We can observe that they have similar trends with
Fig. 4 (a). Because the increasing in RI of analyte reduces the
RI contrast between the Si background and analyte material, the
frequency of the resonant mode move towards the lower
bandgap. In addition, the reduction in the RI contrast will
deteriorate the confinement ability of the electromagnetic field,
which results in small leaky energy from the microcavity and
then slightly suppress the Q factor as shown in Fig. 5 (a).

The sensitivity S of the MPC sensor is defined as the ratio of
the resonant shift in wavelength to RI variations of the analyte
(S=4a1/4n). Fig. 5 (b) depicts the relationship between
resonant shift A1 and RI of analyte under magnetization with
different polarizations. It can be seen that the data are fit using
linear function and the slope of each line actually represents the
sensitivity of the MPC sensor in the corresponding polarization
of external magnetic field.
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Fig. 4 The frequency shift of the defect mode for the sensor with
g = 0.6 when the RI of ambience increases fromn=1.0ton=1.1in
steps of 0.01. (a) The degenerate mode when the external magnetic
field is applied to the x-direction. (b) The RCP (B-region) and LCP
(A-region) mode when the external magnetic field is applied to the
y-direction

Numerical results show that S is 194.08 (230.98) in unit of
nm/RIU when the external magnetic field is applied in
x-direction (y-direction). Though, the external magnetic field is
beneficial to enhance sensitivity, the splitting resonant modes
can lead some difficulties in identifications. For example, Fig. 6
(a) shows the frequency response when the external magnetic
field is applied in y-direction and the gyrotropic factor is set to
g = 0.2. Several analyte with RI from 1.0 to 1.10 in increments
of 0.02 are investigated. Each of them exhibits two resonant
peaks in frequency response as shown in Fig. 6 (a). Denote the
resonant frequency of the LCP (RCP) mode as f; (fz), and the
difference between the two resonant frequencies as Af = f; —
fz- It is worth mentioning that the separation in frequency
between the LCP and RCP mode enlarges linearly with the
gyrotropic factor g. That is, the stronger the external magnetic
field is, the larger Af can be obtained owing to the proportional
relationship between the magnetic field and gyrotropic factor g
as indicated in (5). The gray area in Fig. 6 (a) shows that if R of
analyte is gradually increasing over than 1.04, The LCP modes
overlaps with RCP ones if g is too small as shown in the grey
area. This will cause ambiguity in identifying the RI of analyte
and limit the range of measurement. To facilitate the difficulty,
one convenient way is to tune the gyrotropic factor up to
g = 0.6 by increasing the magnitude of external magnetic field
as shown in Fig. 6 (b). Therefore, the free spectral range
between LCP and RCP modes now is separated sufficiently to
avoid the ambiguity and the range of measurement can be
enlarged.

In order to demonstrate the high resolution of the RI sensor is
feasible, several common gases with respect to industrial safety
are analyzed. In general, the RI of the gas is usually lower than
the liquid and solid, and the differences of RI between gases are
also quite small, which brings difficulties in identification. For
example, the RI of helium is 1.000036, hydrogen is 1.00014,
ammonia is 1.000377 and so on. Fig. 7 shows the result of
measurement for six different gases. It can be found that the
high resolution characteristics of the sensor can distinguish the

above-mentioned gases, which means that the sensor resolution
can reach to A n = 0.0001. This is a great benefit to chemical
gas sensing. The enhancement in sensitivity by magneto-optic
effect makes our device a promising candidate for highly
sensitive, densely integrated, and label-free optical detection
system.
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Fig. 5 (a) The quality factor of a developed sensor. (b) The deviation in
resonant wavelength (AA = A — Ay, where A, is the resonant
wavelength at n = 1.0) when the RI of ambience increases fromn= 1.0
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Fig. 6 Impacts of the gyrotropic parameter g on the defect modes. (a)
Resonant frequencies of defect modes versus the RI of ambience with
g = 0.2. The LCP modes overlaps with RCP ones if g is too small as
shown in the grey area. (b) Resonant frequencies of defect modes
versus the RI of ambience with g = 0.6
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Fig. 7 The capability demonstration of a developed sensor for real
gases sensing

V. CONCLUSION

In this paper, we in detail calculated and analyzed the effects
of the polarizations of external magnetic field and gyrotropic
factor on sensitivity and resolution of the MPC sensor using
FDTD method. It was found that one can increase or decrease
free spectral range Af by tuning the magnitude of external
magnetic field. Numerical results showed that the MPC sensor
exhibits sensing sensitivity of AA/4n =230 nm/RIU, high factor
of Q = 7300 in average, and resolution of A n = 0.0001 in RI
measurement. The sensor can be used to measure gas, fluids, or
chemicals due to the high resolution characteristic.
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