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Three-dimensional magnetic photonic crystals, based on an artificial opal matrix with embedded
magnetite Fe;O,, were investigated in both transmission and reflection in the near-infrared and
visible spectral range. A strong enhancement of the polar Kerr effect and a modification of the
Faraday effect have been found near the photonic band gap at about 1.8 eV. Surprisingly the shapes
of the loops of magnetic hysteresis measured by magnetic circular dichroism were found to depend
on the wavelength of light. This observation has been explained using a model where two types of
magnetite particles have different coercive fields. © 2008 American Institute of Physics.

[DOL: 10.1063/1.2973150]

Modern demands for the high speed technology for tele-
communication and data processing motivate an intense
search for advanced materials and nanostructures, allowing
an effective control and manipulation of the electromagnetic
radiation in the optical spectral range. In particular, this
search has led to the invention of photonic crystals (PCs),
i.e., n-dimensional (nD, n=1-3) space-modulated struc-
tures having a lattice parameter comparable with the light
wavelength.1 In such PCs, interference phenomena give rise
to the formation of specific photonic bands having high-
transparency and high-reflectance regions.

Although the overwhelming majority of studies of PCs is
devoted to nonmagnetic stlructures,l_3 a construction of a
photonic structure from a magnetic material or filling of PCs
with magnetic material can provide possibilities for the ma-
nipulation of light. Such magnetic PCs (MPCs) would give
an extra degree of freedom in achieving enhanced reciprocal
or nonreciprocal optical phenomena such as magneto-optical
(MO) Faraday and Kerr effects, magnetic linear birefrin-
gence, magnetic-field-induced second-harmonic generation,
and magnetic gyrotropic birefringence. Basic types of MPCs
are reviewed in Refs. 4 and 5. Though linear optical and MO
effects in two-dimensional MPCs have been experimentally
and theoretically studied,s_7 it seems that such phenomena in
three-dimensional (3D) MPCs have not been studied yet.

In this paper we present experimental results on optical
and MO phenomena in 3D MPCs based on opal PC with
embedded magnetite Fe;0,. A formation of the photonic
band gap (PBG) in the spectral range of 1.6-2.0 eV was
proven by the optical transmission and reflection techniques.
A strong enhancement of the polar MO Kerr effect and a
modification of the Faraday effect have been found near the
PBG due to localization of the light field. Surprisingly the
shapes of the loops of magnetic hysteresis measured by mag-
netic circular dichroism (MCD) were found to depend on the
wavelength of light. This unusual observation has been ex-
plained using a model with two types of magnetite particles
inside the opal matrix having different coercive fields.
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3D MPCs studied in this work were designed to have a
photonic gap around 1.8 eV. Atrtificial opal was chosen as a
volumetric matrix formed from submicron silica spheres
with effective diameter of 290 nm. SiO, spheres were syn-
thesized on the basis of polycondensation of silica mol-
ecules. These spheres had the compact packing of face-
centered-cubic type. A technology for opal pores filling with
Fe;0,4 will be published elsewhere. Using this technology,
opal/Fe;O, MPCs with the pore volume filling from 20% to
70% were prepared. Opal thin film (111) samples of artificial
opal PC with embedded magnetite Fe;O, had a thickness of
5 wpm. A formation of the crystalline magnetite inside the
opal matrix was confirmed by the x-ray analysis (see the
inset of Fig. 1).

Optical and MO properties of 3D opal/Fe;O, MPCs
with the pore volume filling of 70% were studied in trans-
mission and reflection. In particular, optical transmittance,
reflectance, MCD, and MO Faraday and polar Kerr effects
were measured. Figure 1 shows spectra of the transmission,
Faraday rotation, and MCD in the photon energy range of
1.4-2.8 eV. The opal/Fe;0, sample becomes highly absorb-
ing at photon energies above 2.4 eV. A formation of the PBG
is observed as a noticeable minimum in the transmission,
Faraday rotation, and MCD spectra near 1.8 eV. Optical
properties of the pure opal matrix and their changes at im-
pregnation with magnetite were discussed in Refs. 8§ and 9.
Spectral behavior of the Faraday effect and MCD in MPCs
are in agreement with literature data on MO Kerr effect in
pure magnetite.mﬁ12 There is correspondence between spec-
tral behavior of the Faraday rotation and Kerr ellipticity and
MCD and Kerr rotation due to known MO relationship.13
Several contributions to the MCD may result from the inter-
valence and intersublattice charge transfer transitions.'*"?

Figure 2 shows spectra of reflection and MO polar Kerr
effect in opal/Fe;0, MPC with the pore volume filling of
70%. Optical reflection spectrum is given in the photon en-
ergy range of 1.0-2.8 eV. The spectrum has a deep minimum
and a sharp maximum near the PBG. Such spectral behavior
is usually observed in the opal photonic structures.'*'> MO
Kerr rotation and ellipticity in the photon energy range of
1.2-2.4 eV are shown in Fig. 2(b) at an incidence angle of
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FIG. 1. Spectra of (a) transmission, (b) Faraday rotation, and (c) MCD for
the opal/Fe;O,4 sample with the pore volume filling of 70%. Measurements
were done at normal incidence to the (111)-plane of the opal matrix. Inset
shows x-ray diffraction pattern of opal/Fe;0,. Vertical dash line indicates
the PBG spectral position.

45°. The Kerr ellipticity shows a strong maximum at photon
energies where the reflection coefficient has a minimum,
then the Kerr ellipticity reverses sign along with a strong
increase in the reflection coefficient. The Kerr rotation re-
verses sign near the PBG, has a maximum at ~1.9 eV, and
reaches a minimum at ~1.95 eV. This observation clearly
demonstrates a strong enhancement of the polar Kerr effect
in the spectral range near the PBG due to the strong light
localization as a consequence of interference phenomena on
the studied opal/Fe;O, structure.

In Fig. 3 hysteresis curves measured by the MCD are
shown. In the spectral region where the MCD reverses its
sign, a surprising sensitivity of the shapes of hysteresis
curves to photon energy has been observed. In order to ex-
plain this unusual spectral behavior of hysteresis curves we
suggest the following model. If particles of magnetite Fe;O,
inside the opal matrix are assumed to be spherical, they are
expected to be magnetically isotropic and thus characterized
by a square hysteresis loop. It is known that magnetite par-
ticles with different sizes have noticeably different coercive
fields.'®!” The distribution of the coercive field of the mag-
netite particles in the matrix can be assumed as Gaussian
with an expected value H. and a variance H,. We assume
that inside the opal matrix there are two types of magnetite
particles having coercive fields H., and H,, with variances
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FIG. 2. (Color online) Spectra of (a) reflection and (b) polar Kerr effect for
the opal/Fe;O,4 sample with the pore volume filling of 70% in reflection
from (111)-plane of the opal matrix. Angle of incidence is 45°.

H,, and H,,. In addition, magnetite particles with different
sizes must have somewhat different spectral behaviors of the
MO effects, namely, the change in the MCD occurs at
slightly different photon energies E; and E,. If one considers
a narrow spectral range close to the photon energies Ej )
where the MCD reverses sign, the MCD can be described as
a linear function MCD(E,M)>(1-E/E;3)M,q), where
M () are total magnetizations of two types of magnetite par-
ticles. Then after integration the total magnetization M) is
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FIG. 3. (Color online) Hysteresis loops for the opal/Fe;0, sample with the
pore volume filling of 70% at different photon energies. Points are experi-
mental data and lines are model calculations based on Eq. (1).
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described by the function M) (H)*erf[(H-H,iz)/
\"2HU1(2)]. Thus, the hysteresis behavior of opal/Fe;O, MPC

measured by the MCD at the photon energy E can be mod-
eled by means of the following expression:

E H-H,,
MCD(E,H) = A{ 1 - — | erf ———<
E, V2H,,
E H-H,
+Bl1-—)eff == +DH, (1)
E2 \’ZHUQ

where A and B are the coefficients obtained after the integra-
tion of the MCD over all the particles of the probed volume
and D is the slope at saturation. All experimental hystereses
in Fig. 3 are fitted by Eq. (1) giving coercive fields H,;
=0.03 T and H,=0.15 T. The fitted curves closely repro-
duce experimental data that prove fidelity of the model used.

In conclusion, we have designed and fabricated 3D
MPCs, based on the opal PC with embedded magnetite
Fe;0, particles. Opal/Fe;04 MPCs with the pore volume
filling of up to 70% were studied by optical transmission,
reflection, MCD, and MO Faraday and Kerr effects. Trans-
mission and reflection spectroscopies have revealed a forma-
tion of the PBG in the range from 1.6 to 2.0 eV. A strong
enhancement of the Kerr effect is found near the PBG. This
phenomenon is explained by the strong light localization as a
consequence of interference phenomena on the submicron
structure. A modification of the Faraday effect is found near
the PBG. Surprisingly, the shapes of the loops of magnetic
hysteresis measured by MCD were found to depend on the
wavelength of light. This unusual observation has been mod-
eled by two types of magnetite particles having different co-
ercive fields. Besides the interesting physics of 3D
opal/Fe;0, MPCs, the strong enhancement of the MO ef-
fects may open potentials for future integral optical devices.

Appl. Phys. Lett. 93, 072502 (2008)

This work was supported by RFBR (Project Nos. 06-02-
16788, 07-02-00560, 07-02-91559), NWO, INTAS (Project
No. 1000008-8112), and the RAS Programs on Spintronics
and Nanostructures.

'1.D. Joannopoulos, S. G. Johnson, J. N. Winn, and R. D. Meade, Photonic

Crystals: Molding the Flow of Light, 2nd ed. (Princeton University Press,
Princeton, NJ, 2008).

’K. Sakoda, Optical Properties of Photonic Crystals (Springer, New York,
2001).

3Photonic Crystals: Advances in Design, Fabrication, and Characteriza-
tion, edited by K. Busch, R. B. Wehrspohn, S. Lilkes, and H. Foll (Wiley,
New York, 2004).

L. Lyubchanskii, N. N. Dadoenkova, M. I. Lyubchanskii, E. A. Shapov-
alov, and Th. Rasing, J. Phys. D 36, R277 (2003).

M. Inoue, R. Fujikawa, A. Baryshev, A. Khanikaev, P. B. Lim, H. Uchida,
O. Aktsipetrov, A. Fedyanin, T. Murzina, and A. Granovsky, J. Phys. D
39, R151 (2006).

6S. Kahl and A. M. Grishin, Appl. Phys. Lett. 84, 1438 (2004).

'A. B. Khanikaev, A. V. Baryshev, M. Inoue, A. B. Granovsky, and A. P.
Vinogradov, Phys. Rev. B 72, 035123 (2005).

8A. V. Baryshev, A. B. Khanikaev, R. Fujikawa, H. Uchida, and M. Inoue,
Phys. Rev. B 76, 014305 (2007).

T, Kodama, K. Nishimura, A. V. Baryshev, H. Uchida, and M. Inoue,

Phys. Status Solidi B 241, 1597 (2004).

J. Stohr and H. C. Siegmann, Magnetism: From Fundamentals to Nano-

scale Dynamics (Springer, Berlin, 2006).

Uy X, Zhang, J. Schoenes, W. Reim, and P. Wachter, J. Phys. C 16, 6055
(1983).

2W.F . Fontijn, P. J. van der Zaag, M. A. C. Devillers, V. A. M. Brabers,
and R. Metselaar, Phys. Rev. B 56, 5432 (1997).

BA. K. Zvezdin and V. A. Kotov, Modern Magnetooptics and Magnetoop-
tical Materials (IOP, Bristol, 1997).

BAL V. Baryshev, A. A. Kaplyanskii, V. A. Kosobukin, K. B. Samusev, D.
E. Usvyat, and M. F. Limonov, Phys. Rev. B 70, 113104 (2004).

'SA. Balestreri, L. C. Andreani, and M. Agio, Phys. Rev. E 74, 036603
(2006).

oK. Baert, W. Libaers, B. Kolaric, R. A. L. Vallée, M. Van der Auweraer, K.
Clays, D. Grandjean, M. Di Vece, and P. Lievens, J. Nonlinear Opt. Phys.
Mater. 16, 281 (2007).

TR, Heider, A. Zitzelsberger, and K. Fabian, Phys. Earth Planet. Inter. 93,
239 (1996).

10

Downloaded 23 May 2010 to 131.174.20.170. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp


http://dx.doi.org/10.1088/0022-3727/36/18/R01
http://dx.doi.org/10.1088/0022-3727/39/8/R01
http://dx.doi.org/10.1063/1.1651324
http://dx.doi.org/10.1103/PhysRevB.72.035123
http://dx.doi.org/10.1103/PhysRevB.76.014305
http://dx.doi.org/10.1002/pssb.200304630
http://dx.doi.org/10.1088/0022-3719/16/31/019
http://dx.doi.org/10.1103/PhysRevB.56.5432
http://dx.doi.org/10.1103/PhysRevB.70.113104
http://dx.doi.org/10.1103/PhysRevE.74.036603

