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A B S T R A C T

This paper focuses on studying the potential of CoFe2O4-doped magnetic nanoparticles SiO2 /
ZrO2 matrix to produce high-performance one-dimensional magnetophotonic crystals (MPC) and
to solve the problem of integrating magneto-optical devices. Given the importance of the mag-
neto-optical Faraday effecton most non-reciprocal optical components, we studied the influence
of different 1D structures on Faraday rotations.The potential of these structures offers a wide
range of applications in the field of miniaturized and integrated non-reciprocal devicessuch as
isolators.

1. Introduction

One-dimensional photonic crystals were introduced for the first time by Yablonovitch [1] and John [2],they are periodic di-
electric materials and could be defined as Bragg’s mirrors.They have the ability of controlling the propagation of electromagnetic
waves across the materials [3,4]. The frequencies of the electromagnetic waves that travel across the photonic crystals are classified
into permitted modes and photonic band gaps which, at particular wavelengths, are not crossed by the incident light [5–10].

The periodicity of the photonic crystals can be broken by introducing a different layer or by disordering the layers, the highly
localized defect modes would then be created inside the photonic band gaps. This effect allows the corresponding electromagnetic
wave with previously forbidden wavelength to propagate through the structure [9–13].

However, when the constituent materials of the photonic crystals have magneto-optical characteristics, or even only a defect layer
is, the resulting structures are called magnetophotonic crystals (MPCs). One-dimensional MPCs arevery small in size and are able to
provide unique optical and magneto-optical characteristics by exploiting the properties of photonic band gaps and defect modes.

Thus, these structures have attracted much attentions in the designing and manufacturingthe magneto-optical elements such as
isolators and circulators [14–16]. Among the magneto-optical effects, the Faraday rotation, that is the rotation of the polarization
plane of a linearly polarized light propagating through a magneto-optical support, finds important applications in telecommunica-
tions, where the integration of optical isolators based on this non-reciprocal effect of magneto-photonic materials remains to be done
[17,18].

Yttrium iron garnet (YIG) and its derivedforms (Bi:YIG,Ce:YIG)are the most frequently usedmaterials to fabricate the non-
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reciprocaldevices, such as optical isolatorsand circulators.However, due to technical difficulties, it is always difficult to integrate
these materials with conventional technologies, and integrated versions of non-reciprocal devices arenotavailable. This ismainly-
duetoa high temperature (∼700◦C), necessary required for the crystallization ofYIG.In thiscontext, it is worthy to develop the other
approaches to reach the integration of the nonreciprocal functions. The impossibility detaching (YIG) substrates such as III-V
semiconductors, silica and silicon or other polymer materials, leads to develop other approaches to achieve integration of non-
reciprocal functions.

The sol-gel technique is considered as a versatile, flexible and a low-cost technique useful for the realization of integrated
photonic devices; it gives a solution to fabricate integrated magneto-optic devices [19,20].

Practically, the number of reflections that the electromagnetic wave undergoes inside the one-dimensional MPCs, periodic
structures and micro-cavities, leads to the qualitative decrease of the group velocity of the wave. This increases the interaction time
between the wave and the material. Thus, the exaltation of the value of the magneto-optical effects respectively at the edge and inside
the photonic bandgap is possible [21].

Other authors have also theoretically modeled and experimentally demonstrated the exaltation of the value of Faraday rotation in
one-dimensional MPCs in the form of micro-cavity structures [22,23].

In this paper we study the effect of position and number of defects on Faraday rotation effect of one-dimensionalmagnetophotonic
crystalsmade by SiO2/ZrO2 or SiO2/TiO2 doped with magnetic nanoparticles using sol-gel process in different configurations. We
started by, varyingthe concentration of magnetic nanoparticles VF% of the structures, and introducing a defect at different locations.
Then we followed by two defects and finish by three defects with variable locations. The result obtained gives the designs of
magnetophotonic crystal devices.

2. 1D MPCs structure and design

The 1D MPCs structure is very favored for studying the properties of photonic bandgaps and Faraday rotation effect. It gives a
large opening bandgap and it is a good compromise, especially for high slaughter factors and the incidence angle [24]. The 1D MPCs
which are studied and analysed in present work, consists of a multilayer structure in periodic lattice SiO2/ZrO2 or SiO2/TiO2 with air
gaps, of perioda= 645 nm. The structure is characterized by a background index of 1.57 and an air-to-air refractive index= 1. The
thickness of the layers of material is d1= 258 nm and the gap width is d2= 387 nm with (a= d1+d2). Fig. 1 illustrates the 1D MPCs
structure used for the study.

Thisstructureof magneto-photonic crystals iscalled"periodicstructure"(Fig. 1).It alternates high refractive index magneto-optical
layers(SiO2/ZrO2orSiO2/TiO2)with layers of a low refractive index material(air).

In the representation Fig. 2 (a) we have demonstrated the presence of photonic bandgap in 1D photonic crystals compound of
SiO2/ZrO2 or SiO2/TiO2 made by sol-gel process [24,25].

In the representation of the transmission spectrum (Fig. 2(a)), we distinguished the existence a photonic bandgap in the NIR
region from 1400 nm to 1800 nm with a band gap of about Δλ=400 nm.

In Fig. 2 (b) there is an increase in the value of the Faraday rotation at the edges of the photonic band gap. Indeed, a first peak is
observed at the lower edge towards a wavelength of 1400 nm and a second larger peak is observed at the upper edge towards a
wavelength of 1800 nm.These enhances are because of optical Borrmann effect [26].

Thestructureusedin thispartiscalledthe "micro-cavitystructure"(Fig. 3).It consistsof an alternation of magneto-opticallayers (SiO2/
ZrO2 or SiO2/TiO2)with a high refractive index andlowindexairlayers.Thecentrallayercorresponds to a defectcharacterized bya width
(ddef= 2* d1) that allows lightto passthrough thecenterof thephotonic band gap.

Fig. 4 shows the spectral response of the micro-cavity formed by defecting one layer obtained with the RCWA method of the
impulse response for values of refractive index

Fig. 4 (a) shows a resonance of the value of the transmittance as well as Fig. 4 (b) shows an increase in the value of the Faraday
rotation within the photonic band gap (≈ 1580 nm). Indeed, the value of the Faraday rotation is greater than that of a reference

Fig. 1. Schematic of 1D photonic crystal structure made with magneto-optic layers without defect.
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layer. The simulation results are in agreement with experimental results [15].

3. Results and discussions

In order to study the influence of the material on the Faraday rotation effect in 1D MPCs, we varied the concentration of magnetic
nanoparticles VF%of the structures, and introduced a defect to different locations. Then two defects and finally three defects are
considered. The simulations are carried out under the Rigorous Coupled Wave Analysis (RCWA) (RSoft Design Group, Diffract Mode,
Inc. 200 Executive Blvd. Ossining, NY 10,562).

Fig. 2. Transmittance (a) and the Faraday rotation (b)spectra of 1D photonic crystal made with magneto-optic layers without defect.

Fig. 3. Schematic of 1D photonic crystal structure made with magneto-optic layers with one defect.

Fig. 4. Transmittance (a) and the Faraday rotation (b)spectra of 1D photonic crystal made with magneto-optic layers with defect.
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3.1. The effect of the variation of the concentration of magnetic nanoparticles VF% of the structures

In this part, the structure we have varied the concentration of magnetic nanoparticles VF% of the structures: magneto-photonic
layer realized by sol-gel process, and we study the influence of volume fraction VF% on the Faraday rotation and transmittance for
(one defect at 6th layer air/(A/B)11/air) (Table 1).

Fig. 5 show the Faraday rotation and transmittance of both as functions of volume fraction VF% for the case of perpendicular
incident light.

In the following, we study the wavelength dependence of magneto-optical responses of the structures introduced in the case of
different volume fractions. Thus, Fig. 5 illustrates transmittance and Faraday rotation spectra of the structure for different volume
fractions and in the case of perpendicular incident light.

As can be seen, the structure exhibits maximum Faraday rotation and high transmittance.Therefore, these SiO2 / ZrO2 or SiO2 /
TiO2 matrices doped with MPCs based on CoFe2O4 magnetic nanoparticles can be used in integrated magneto-optical devices such as
filters and isolators. Since the operating bandwidth is one of the most important functional characteristicsof devices based on MPC
[27,28]. To obtain such devices, a Faraday rotation value of 45° must be achieved.

This value of the Faraday rotation is necessary for the realization of a Faraday isolator for example [29,30] is obtained with a
concentration of nanoparticles of 42%.

3.2. The effect of defects layer

In order to investigate the properties of photonic band gap and defect mode(s) of the structure regarding the various magneto-
optical defect layer positions, we produced the Fig. 6. This figure shows the transmittance and Faraday rotation spectra of the
considered structure for different positions of defect layer.

Table 1
The concentration of magnetic nanoparticles
VF% of the structures: magneto-photonic layer
realized by sol-gel process.

VF(%) Im(ԑxy)

1 0000267857
2.04 0000546429
11 0003214287
21 0005357144
42 0016250003

Fig. 5. Transmittance and Faraday rotation spectra of 1D photonic crystal structure made with magneto-optic layers with one defect for different
volume fractions.
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The preceding results show that the central position of the photonic band gap can be controlled by modifying the position of the
defect layer. Moreover, it is seen that the peak value of the transmittance and Faraday rotation are dependent of the position of the
defect layer.As expected for such a periodic structure, the increase in the value of the Faraday rotation is observed in the center of the
photonic band gap. At 1560 nm, the value of the Faraday rotation of the studied micro-cavity structure is increased compared to that

Fig. 6. Transmittance and Faraday rotation spectra of 1D photonic crystal structure made with magneto-optic layers with one defect at different
positions.

Fig. 7. Transmittance and Faraday rotation spectra 1D photonic crystal structure made with magneto-optic layers with one, two and three defects at
different positions.
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of the reference magneto-optical layer. Nevertheless, the peak transmittance of all of them is affected by the defect layer position.
In this section, we sought to optimize the exaltation of magneto-optical effects in 1D MPC. Thus, several defects (two and three

defects) are introduced into different locations in the periodic structure to achieve a "multi-cavity" structure (Fig. 7).
From the results obtained, we observe a resonance of the value of the transmittance and the Faraday rotation and their value are

strongly influenced by the presence of the defects and their locations.
From these works it is retained that the periodic structuring is an effective means for exalting the value of the Faraday rotation at

the edges of the photonic band gap. In addition, the introduction of defects within this structure leads to exaltation within the
photonic band gap.

4. Conclusion

In this paper, we represent a new design for magneto-photonic crystal platform. we have used a new kind of artificial magneto-
optical materials (SiO2/ZrO2 or SiO2/TiO2 matrix doped with magnetic nanoparticles) in magneto-photonic crystals as a magnetic
defect layer, characterized by low refractive index material 1.51. This magnetic layer can be realized by sol-gel process. In addition,
we have studied the effect of the concentration of magnetic nanoparticles VF% of the structures and the defects at different locations
on the resonance of the value of the transmittance of micro-cavities and the Faraday rotation in a 1D magneto-photonic crystals.

The value of the transmittance in the bandgap and the Faraday rotation are sensitive to the concentration of magnetic nano-
particles VF% of the structures the locations and number of photonic crystal cavity. Hence, we have also investigated the influence of
defects at different locations on the optical response of transmission-type one-dimensional MPCs.
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