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We have prepared a three-dimensional magnetophotonic crystal and observed modulated Faraday

rotation around its photonic band gap. The magnetophotonic crystal was prepared by the self-assembly

of highly monodispersed silica spheres, which were heavily impregnated with maghemite

(c� Fe2O3) nanoparticles. The slab sample with a thickness of 10 lm shows a clear photonic band

gap centered at k ¼ 620 nm in optical transmittance. Faraday rotation is notably modified inside the

photonic band gap. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4757608]

A photonic crystal (PC) is a periodic array of macro-

scopic dielectric materials of different refractive index on

the scale of the optical wavelength. The presence of photonic

band gap (PBG), in which the propagation of electromag-

netic waves is forbidden, is a well-known feature of PCs.1

This provides a mechanism to control and manipulate the

flow of photons.

Constructing a PC from a magnetic material or filling a

PC with a magnetic material can result in the formation of

magnetophotonic crystals (MPCs).2 Such materials would

give an extra degree of freedom to achieve enhanced nonre-

ciprocal optical phenomena such as magneto-optical Faraday

and Kerr effects. Indeed, it has been demonstrated that the

magneto-optical response of one- (1D)3–8 and two-

dimensional (2D) MPCs is significantly enhanced at band

edge frequencies. This remarkable result has prompted the

investigation of three-dimensional (3D) MPCs in which the

periodicity in the three directions could lead to a complete

PBG in the optical regions.

Although achieving high-quality 3D MPCs is much

more complex and still a challenge, there are several works

producing a 3D MPC by using a self-assembly technique.9–15

The general process involves the self-assembly of monodis-

persed spheres into an fcc lattice, followed by an infiltration

of magnetic materials in its interstices. A simple example is

filling the interstices with a magnetic liquid,10 although in

this case the MPC is not all-solid. In order to make all-solid

3D MPCs, Pavlov et al. infiltrated magnetite (Fe3O4)

nanoparticles into the self-assembled silica spheres.11

Recently, Caicedo et al. made a 3D inverse opal MPC con-

sisting of Ni nanoparticles and alumina by using polystylene

colloids as a sacrifice template.12 A general drawback of

this approach, i.e., self-assembly and infiltration, is that

although the self-assembled opal is highly ordered and peri-

odic, the infiltration with magnetic nanoparticles inevitably

disturbs the opal structure, making the PBG broader and

less clear. This smears the effects the PBG on magneto-

optical response of MPC. Actually, only a limited number

of 3D MPCs exhibit magneto-optical effects modified by

PBG.10–12

In this study, we present a building block by which an

MPC can be built without being suffered from infiltration:

Our MPC is constructed of highly monodispersed silica

spheres inside which magnetic fine particles are heavily

impregnated. Because they are inside the silica sphere, the

presence of magnetic components does not directly disturb

the self-assembly process. Here, our slab sample shows a

clear dip due to PBG in the optical transmittance. The mea-

surement of Faraday effect shows the modification of the

rotation angle near the PBG.

The samples were prepared as follows:16 First, the

monodispersed mesoporous silica sphere, MMSS, which

possesses highly periodic mesopores, was prepared via a

surfactant-templated sol-gel route.17,18 Then, ferrocenecar-

baldehyde as an iron source was infiltrated in the mesopores

and the silica spheres were heat treated at 1273 K. During

the heat treatment, maghemite (c� Fe2O3) nanoparticles

were precipitated and grown to the size �3:1 nm, while the

mesopores were collapsed. The final spheres had an average

diameter of 263 nm and contained as high as 21.2 wt. % c�
Fe2O3 measured by energy-dispersive x-ray spectroscopy

(EDX). This amount is considerably higher than that used in

the work by Fang et al., where Fe3O4 nanoparticles were

loaded on silica spheres up to 6.4 wt. %.15 Magnetic mea-

surement proved that the spheres impregnated with c�
Fe2O3 shows superparamagnetism at room temperature.16

Finally, by following the procedure described in Ref. 19, the

c� Fe2O3 -impregnated spheres were assembled into a 3D

MPC in between two slide glasses. In short, an aqueous dis-

persion of the c� Fe2O3 -impregnated spheres was injected

into a fluidic cell, comprising two glass substrates (length:

38 mm, width: 26 mm, thickness: 0.7 mm) and two spacers

(thickness: 10 lm) sandwiched between them. The evapora-

tion of water under ambient conditions resulted in the forma-

tion of an fcc opal with the (111) plane oriented parallel to

the slide glass surface. A reference silica sample was also

prepared following the same procedure by using the same

MMSS heated at 1273 K but without an iron source inside.

The resultant samples were dried in vacuo at 423 K prior toa)Electronic address: murai@dipole7.kuic.kyoto-u.ac.jp.
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the measurements. The distance between adjacent layers in

the [111] direction is
ffiffiffiffiffiffiffiffi
2=32

p
�D ¼ 215 nm, where D is the

diameter of the sphere, so that the crystal with 10 lm thick

consists of �50 layers.

The optical images of the sample are shown in Figs. 1(a)

and 1(b), indicating that the sample has both glossy and

matte domains. Scanning electron microscopic (SEM)

images in Figs. 1(c) and 1(d) confirm that this comes from

the difference in the spatial arrangement of spheres; the sam-

ple consists of ordered and disordered domains. It is also

confirmed that no c� Fe2O3 particle appears on the surface

of silica spheres.

The optical transmittance was measured by using a spec-

trophotometer (JASCO, V-570). The Faraday rotation angles

were measured at room temperature by the polarization mod-

ulation technique using a commercial measurement system

(JASCO, Model K-250) with an Xe lamp as a light source.

The measurements were also done for the pair of slide

glasses in order to subtract the contribution of diamagnetic

slide glasses sustaining the sample.

A problem in evaluating the magneto-optical response

of opal-based MPCs is an optical activity that stems from

their structures, which has been pointed out recently.12,14,20

Anisotropy appears both intrinsically due to the symmetry in

opal structure and extrinsically due to internal strains during

the fabrication. The anisotropy causes optical birefringence

and dichroism, which overlap the magneto-optical response

in the measurement. In order to separate those effects, we

obtained the Faraday rotation data by subtracting the rotation

data measured exactly at the same spot but without applying

an external magnetic field from the raw data.

Figure 2(a) shows the optical transmittance (T) of the

sample, on both the ordered (denoted by a solid curve) and

disordered (a dotted curve) domains. The data for the

FIG. 1. (a) Optical image (top view) of the sample prepared in between two

slide glasses. (b) Optical microscopic image of the sample, showing the

interface between the ordered and disordered domains. (c) SEM image of

the disordered domain of the sample. (d) SEM image of the ordered domain

of the sample.

FIG. 2. (a) Optical transmittance of the disordered (a dotted curve) and or-

dered (a solid curve) domain of the sample. (b) and (c) Faraday rotation of

the disordered (b) and ordered (c) domain of the sample. Curves are the

guides for the eyes. The black and gray data denote the rotation with the

external magnetic field of þ15 and �15 kOe, respectively. The data were

plotted after subtracting the diamagnetic contribution from a pair of slide

glasses sustaining the sample, and also the response of the sample without

applying the magnetic field. (d) The difference between the Faraday rotation

angle of the ordered domain and that of the disordered domain under the

magnetic field of þ15 kOe (black) and �15 kOe (gray). (e) Faraday rotation

of the reference silica sample consisting of the same silica spheres but

without c� Fe2O3 inside: black (þ15 kOe), gray (�15 kOe). The data were

plotted after subtracting the diamagnetic contribution from a pair of slide

glasses and the response of the reference sample under 0 kOe. The inset

shows the optical transmittance of the reference sample.
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disordered domain show an absorption below 600 nm, which

comes from both an absorption of c� Fe2O3
21–23 and multi-

ple light scattering by the spheres. While little difference is

seen at longer wavelengths (typically k � 700 nm), T of the

ordered domain shows a dip at around k ¼ 620 nm, which

corresponds to its PBG. It is also noticed that T is larger for

the ordered domain at the shorter wavelength edge of the

PBG (k � 580 nm).

Figures 2(b) and 2(c) show the Faraday rotation angle as

a function of wavelength for the disordered and ordered do-

main, respectively. Here, the data taken without an external

magnetic field, and the diamagnetic contribution from the

pair of slide glasses, were subtracted from the raw data. The

black and gray curves refer to the data taken by applying

þ15 and �15 kOe, respectively. As shown in Figs. 2(b) and

2(c), these two curves are symmetric with respect to the x
axis (the wavelength axis), due to the nonreciprocal nature of

the Faraday effect. This also indicates that the influence of

structural optical activity, which is independent of the exter-

nal magnetic field, was properly subtracted. The rotation

observed in Fig. 2(b) is attributed to the superparamagnetic

c� Fe2O3 nanoparticles.21–24 The difference in refractive

index (Dn) for the left- and right-handed circularly polar-

ized light is induced through the magnetic moments of

individual nanoparticles oriented parallel to the external

magnetic field. As a result, the polarization plane of the

incident linearly polarized light is rotated as it travels

inside the sample. Unlike the disordered domain shown in

Fig. 2(b), the ordered domain exhibits notable modification

around k ¼ 620 nm [Fig. 2(c)], corresponding to that of

PBG in T [Fig. 2(a)]. At this wavelength, the rotation

angle is decreased in magnitude and changes its sign. This

modification is better visualized in Fig. 2(d), where the

Faraday rotation angle of the disordered domain was sub-

tracted from that of the ordered one. The difference shows

a maximum at k ¼ 625 nm, which is in the middle of the

PBG.

Figure 2(e) shows the Faraday rotation of the reference

silica sample without c� Fe2O3 nanoparticles. The sample

exhibits a PBG in its transmission [see the inset of Fig. 2(e)],

but no significant rotation is observed in the Faraday effect

measurements. This indicates the small contribution of the

silica spheres to the Faraday effect.

Figure 3 depicts the angle of Faraday rotation as a func-

tion of external magnetic field. In Fig. 3(a), we plot the data

for the disordered domain at two wavelengths, k ¼ 560 nm

(black) and 620 nm(gray). For the both wavelengths, the Far-

aday rotation shows a negative slope with respect to the mag-

netic field and is saturated at high magnetic fields with no

hysteresis, confirming that the nanoparticles are superpara-

magnetic at room temperature. The slope of the curve is less

steep for the data at k ¼ 620 nm, which is in agreement with

the observation in Fig. 2(b). Figure 3(b) shows the results for

the ordered one. A black line indicates the data taken at

k ¼ 560 nm, i.e., outside the PBG, showing the same behav-

ior as the disordered domain. In contrast, at k ¼ 620 nm

(gray), inside the PBG, the behavior is similar to that of the

disordered domain at lower magnetic fields, whereas at

higher magnetic fields the slope changes its sign and

becomes positive. This result indicates that the effect of PBG

on the Faraday rotation is notable especially when the mag-

netic field is high.

The change in the Faraday rotation can be discussed in

terms of the modification of effective refractive index by

PBG. The presence of PBG causes an anomalous dispersion

in refractive index associated with extinction by Bragg

diffraction.25,26 Since the condition of Bragg diffraction

depends on the refractive index, a non-zero Dn in PCs leads

to a difference in the spectral position of PBG and thus a dif-

ference in the spectral range of anomalous dispersion for

left- and right-handed circularly polarized light. Conse-

quently, the Dn induced by the magnetic field is further

modulated around the spectral area of PBG, resulting in the

modified Faraday rotation as seen in Fig. 2(c). This can also

explain the observation in Fig. 3(b), where the modification

is notable at higher magnetic fields. Preceding works on 1D8

and 3D12 MPCs highlighted the enhancement of the

magneto-optical effect at the band edge due to a reduced

group velocity, which is not very clear in our observation.

In summary, we have fabricated a magnetophotonic

opal made of highly monodispersed silica spheres, heavily

impregnated with c� Fe2O3 nanoparticles. We examined its

Faraday effect after subtracting the effect of optical activity

that comes from its structure. The result shows that our mate-

rial is one of the few 3D MPCs that exhibit a modified Fara-

day effect due to PBG, proving that the present technique,

i.e., self-assembly of spheres heavily impregnated with mag-

netic nanoparticles, is effective in preparing 3D MPCs with

good optical quality.

This study was supported by a Grant-in-Aid for Scien-

tific Research (B, No. 24350104 and C, No. 24560824) and

for Challenging Exploratory Research (No. 24656385) from

the Ministry of Education, Culture, Sports, Science and

Technology (MEXT), Japan.

FIG. 3. Magnetic field dependence of the Faraday rotation for the disordered

(a) and ordered (b) domain of the sample. The data were taken at 560 nm

(black dots) and 620 nm (gray dots).
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