Journal of Magnetics 11(4), 195-207 (2006)

Frontiers in Magneto-optics of Magnetophotonic Crystals

M. Inoue’, A. A. Fedyanin®*, A. V. Baryshev'”, A. B. Khanikaev', H. Uchida', and A. B. Granovsky>

"Toyohashi University of Technology, Toyohashi 441-8580, Japan
2Department of Physics, M.V, Lomonosov Moscow State University, 119992 Moscow, Russia
3Permanent address: Ioffe Physico-Technical Institute, 194021 St. Petersburg, Russia

(Received 12 December 2006)

The recently published and new results on design and fabrication of magnetophotonic crystals of different
dimensionality are surveyed. Coupling of polarized light to 3D photonic crystals based on synthetic opals was
studied in the case of low dielectric contrast. Transmissivity of opals was demonstrated to strongly depend on
the propagation direction of light and its polarization. It was shown that in a vicinity of the frequency of a sin-
gle Bragg resonance in a 3D photonic crystal the incident linearly polarized light excites inside the crystal the
TE- and TM-eigen modes which passing through the crystal is influenced by Bragg diffraction of electromag-
netic field from different (hkl) sets of crystallographic planes. We also measured the Faraday effect of opals
immersed in a magneto-optically active liquid. It was shown that the behavior of the Faraday rotation spec-
trum of the system of the opal sample and magneto-optically active liquid directly interrelates with transmit-
tance anisotropy of the opal sample. The photonic band structure, transmittance and Faraday rotation of the
light in three-dimensional magnetophotonic crystals of simple cubic and face centered cubic lattices formed
from magneto-optically active spheres where studied by the layer Korringa-Kohn-Rostoker method. We found
that a photonic band structure is most significantly altered by the magneto-optical activity of spheres for the
high-symmetry directions where the degeneracies between TE and TM polarized modes for the corresponding
non-magnetic photonic crystals exist. The significant enhancement of the Faraday rotation appears for these
directions in the proximity of the band edges, because of the slowing down of the light. New approaches for
one-dimensional magnetophotonic crystals fabrication optimized for the magneto-optical Faraday effect
enhancement are proposed and realized. One-dimensional magnetophotonic crystals utilizing the second and
the third photonic band gaps optimized for the Faraday effect enhancement have been successfully fabricated.
Additionally, magnetophotonic crystals consist of a stack of ferrimagnetic Bi-substituted yttrium-iron garnet
layers alternated with dielectric silicon oxide layers of the same optical thickness. High refractive index differ-
ence provides the strong spatial localization of the electromagnetic field with the wavelength corresponding to
the long-wavelength edge of the photonic band gap.
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< Invited review paper>

1. Introduction

Lately, there has been much interest in a new class of
artificial structures known as photonic crystals (PC’s)
owing to many different non-trivial electromagnetic effects
that were predicted in PC’s. The most advanced ideas are
associated with a total inhibition of spontaneous emission
[1] and a strong localization of light [2] when photons of
certain energy cannot propagate through the structure
along any direction and with any polarization. These effects
can be observed in photonic materials with periodic 3D
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modulation of the dielectric constant. At present, there is
much work on the study of the photonic gap energy with
the light wavevector examined by angle-resolved reflection
or transmission spectroscopy. However, there are only
few reports on polarization-resolved study of 3D PC’s [3-
7] and, in fact, coupling of the polarized light to 3D PC’s
is not studied well up to now. Meanwhile, the nature of
the polarized light coupling to PC’s is of great importance
for study on optical properties of magnetophotonic crystals
(MPC’s).

Recently, we reported that 1D MPC’s composed of di-
electric and magnetic materials exhibit remarkable magneto-
optical (MO) properties accompanied by a huge augmen-
tation in their Kerr and Faraday rotations [8], and a giant
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enhancement of the nonlinear magneto-optical response
was observed [9]. There are only a few theoretical works
devoted to 2D and 3D MPC’s [10-13]. Experimental studies
on fabrication, magnetic and optical properties of syn-
thetic opal/magnetic material composites were reported in
Refs. 14, 15. Studies on optical properties of 3D PC’s
based on synthetic opals in the case of low dielectric con-
trast [16] shows that synthetic opals have unique features
to control visible light: they can diffract light selectively
in 3D space, split a light beam into several beams and
show a strong anisotropy in transmittance at the polarized
light illumination. We consider 3D magnetophotonic crystals
as more effective for applications. Since their photonic
properties are sensitive to both magnetic and electric fields,
they have the potential for use in a variety of optoelec-
tronic devices. Among the progress in development two-
and three-dimensional MPC's achieved last years the most
advance is attained in the fabrication of 1D MPC's. In
these multilayered structures the magnetic layer is sand-
wiched by a couple of dielectric Bragg reflectors and acts
as a microcavity spacer provided a resonant microcavity
mode at a certain wavelength inside PBG. Maximal trans-
mittance and magneto-optical Faraday rotation is observed
for the micrccavity mode, when light of the resonant
wavelength is localized in the magnetic layer. Additional
growth of Faraday angle & can be achieved by the
increase of the spacer thickness or incorporation of the
second magnetic spacers. However, the 6 enhancement
in these MPC's has a practical restriction stemming from
the quality factor limited by the accuracy of the magnetic
spacer thickness. _

This Paper is organized as follows. In section II recent
advances in magneto-optical studies of 3D MPC’s are
presented. Several aspects of calculation of magneto-optical
response of 3D MPC’s are discussed in Section HIL
Sections IV and V describe new approaches in fabrication
of 1D MPC’s with resonance enhancement of magneto-
optical response in the high-order photonic band gap
(PBG) and at the PBG edge. The results are summarized
in Section VL. :

2. Faraday effect and Bragg diffraction
induced transmittance anisotropy
in 3D opal photonic crystals

In this part the results of the study of polarized light
coupling to oriented opal samples infiltrated with a liquid
of close to silica refraction index both without and in
presence of external magnetic field will be presented. We
measured the polarization- and angle-resolved transmission
spectra T (4) of opals and magneto-optical response of a
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Fig. 1. (a) The BZ for the fcc crystal and the scanning plane,
(b) the BZ cross-section and the Ly — K > L scanning path,
(c) schematic of experimental setup, illumination with the Eqys--
polarized light is presented.

system of opal sample and magneto-optically active liquid.
High-quality synthetic opal sample 17 having the fcc
structure was chosen for this study. The sample had the
(111) growth surface of 10x10 mm? in size and about 1
mm in thickness, the diameter of SiO, spheres was 315
15 nm. The selected diameter and L, - K — L scanning
path [Fig. 1(a), (b)] allowed us to analyze the light coup-
ling to the (111), (Ill), (020), (002) and (022) planes [18]
in the spectral range of 365-825 nm (the L, point corre-
sponds to the growth direction [111]). The sample was
placed between polarizer and analyzer, polarization azimuths
of which can be changed from 0 to 360 degrees [Fig.
1(c)}.

The transmission spectra of the sample were measured
using a Shimadzu UV-3100 spectrophotometer. Transmi-
ttance was studied at different angles of incidence of light
(@) [Fig. 1(b)] and different azimuths of the polarizer (y5)
and analyzeg' (ws) including configurations with the
parallel (yp=,) and mutually orthogonal azimuths (yp=
w,—90°). Angle-resolved transmission spectra were mea-
sured for three linear polarizations of the incident light
beam: in plane (E,-polarization, y4=0°), normal (E,-
polarization, ¥ =90° and rotated through an angle of
yp=45° with respect to the L,GL scanning plane [Eys-
polarization, the case is shown in Fig. 1(c)].
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Magneto-optical properties of the system of the opal
sample and magneto-optically active liquid were studied
with a setup to measure the Faraday effect. The setup
consists of an optical bench where the light beam passes
through the polarizer, electromagnet in which sample is
placed into a vessel with an immersion magneto-active
liquid, analyzer and detector. In our study, the sample was
infiltrated with a transparent paramagnetic liquid, the
saturated isopropyl-alcohol solution of dysprosium nitrate
(IPA-Dy(NQ;);]. The linearly polarized electric field E;
was chosen to be perpendicular to the scanning plane
L,I'L [Fig. 1(a)]. Reversing magnetic field up to 2.3 kOe
was applied along the light propagation direction. We
measured rotation of the plane of polarization as a func-
tion of applied magnetic field when light beam propa-
gates along the I — K direction in the sample. Figure 2
shows experimental data on the polarized light coupling
to the sample under study: (a)-(d) graphs present the
transmittance through the sample when polarizations of
incident and measured light beams are preset to be para-
el (=), (e)-(h) graphs plot the transmittance through
the sample when measuring only the linearly independent
polarization component (p=—90°). Hereafter, we specify
the following notations: T, T,, and Tysase [the first
(second) index is the azimuth of the polarizer (analyzer)
with respect to the L,I'L. scanning plane] as the trans-
mittance measured when azimuths of the polarizer and
analyzer are parallel; T;,, T,, and Tys35- as the trans-
mittance measured when azimuths are mutually orthog-
onal. Note that the T;,, T, and T4s 450 show the transmi-
ttance of light with the polarization chosen by the polarizer;
the transmittance of light with linearly independent
polarization, and thus the change in polarization, is
manifested by the T, T, and Tus i35 spectra.

The T,, T,, and T4s-4se spectra shown in the (a)-(d)
graphs manifest the @-dependent intensive deeps, they
undergo spectral shift in accordance with the Bragg law
and symmetry of the fcc lattice. We have shown that the
spectral positions of stop bands in spectra coincide well
with the calculated variation of the Bragg wavelengths for
the diffraction from the (ik{) planes [16]. The most pro-
nounced deeps are found to be due to the {111} planes.
At normal incidence onto the (111) plane (@ = 0), the T,
T,, and Tys 45 transmission spectra practically coincide
[Fig. 2(a)] and show an intensive deep associated with the
(111) stop band. In moving from the L, point to the L
point, the minimum of the (111) deep in the T, spectra
shifts from A\ =710 nm at @= 0 to the short wavelength
range: 690 nm (@=15°, 620 nm (@=35° and 530 nm
(p=45°. As for the (Ill) photonic stop band, the
respective deep shows opposite shifts from about 450 nm

-197-

at @=15° [Fig. 2(b)] to the value of about 590 nm at
@=135° and 650 nm at @ =45°. Note that in the vicinity of
the K point (¢ = 35°) the deep in transmission spectra is a
convergence of the (111) and (111) photonic stop bands,
and true positions of the related stop bands are difficult to
evaluate. The mentioned shifts of stop bands and their
convergence are found to be more obvious in the T,
spectra. As for the T, , and Tyso450 spectra, the shifts of the
(111) and (111) stop bands are well defined in the long
wavelength range and masked in short wavelengths.

The features in transmission spectra taken for different
polarizations at the same angles ¢ are recently reported
[6]. It was shown that for opal photonic crystals at the
condition of a small dielectric contrast, the features in the
polarization-resolved transmission spectra can be coarsely
understood in terms of the Fresnel theory and Brewster
effect with the account of 3D structure of synthetic opals.
In fact, the incident linearly polarized light probing a 3D
PC splits into the TE- and TM-modes with respect to
every (hkl) set of crystallographic planes existing in the
crystal. Analyzing the ¢-dependent wavevector components
(ky, k,, k.); orientation of the plane of polarization and
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Fig. 2. Transmission spectra taken along the L,—K—L paths
from an opal sample made up of ordered a-SiO, spheres with a
diameter of 315 + 15 nm. (a)-(d) graphs present the transmit-
tance taken at azimuth of the polarizer and analyzer being par-

allel (yp=YA), (e)-(h) —Yp=ya—90°.
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Miller indices for the vector n,,, normal to the (hkl) plane,
we can determine two angles that are of our interest — the
angle of incidence onto the (hkl) plane and angle between
the plane of polarization and the vector 7. The pairs of
these two angles for every set of crystallographic planes
define transmiitance of polarized light in 3D PC. It is
worth mentioning that up to five Bragg resonances [(111),
(Ill), (020), (002) and (022)] could be seen for the
sample under study in the visible spectral range, and in
general case the propagating light of a fixed wavelength
is a mixture of the TE- and TM-modes.

Bragg resonance suppression effect is clearly seen in
Fig. 2(b)-(d), it reveals itself as the appearance of critical
angles of incidence for the TM-modes passing without
Bragg reflection through the crystal planes. Spectra mani-
fest that deeps corresponding to the (111) and (111) stop
bands are intensive for the incident E,-polarized light,
which is the TE-wave strongly diffracting from the (111)
and (ﬂill) planes. While at illumination with the E,-
polarized light, which is the TM-wave for the given planes,
the (111) and (-Ill) deeps are shallow. There is no clear
appearance of the (111) stop band in the T,, spectrum
taken at @=35° and of the (111) stop band in the T,,
spectrum taken at @=40°. As for the Tss-450 Spectra, one
can see that their shape is some averaging of intensities of
stop bands in the T, and T,, spectra. We see that the
Bragg resonance suppression effect gives rise to the
transmittance anisotropy of the photonic crystals and, as
we show below, is responsible for the modification in
polarization of transmitted light [Fig. 2(e)-(h)].

Let us analyze how polarization dependent Bragg diffr-
action of light from crystal planes act on the polarization
of transmitted light. Figures 2(e)-(h) show the T;,, T,
and Tys0 1350 transmittance for different angles of ¢, when
the polarizer and analyzer are crossed (yp=ya—90°). We
observe that the T,, and T, transmittance are negligible
in'the spectral range where the (111) and (111) stop bands
exist. What this means is that the plane of polarization of
the TE- (or TM) mode passing the crystal is not changed,
E,=E, (or E,=E,). However, in contrast to the T,, and
T, cases the signal in the Tys 1350 spectra rises signifi-
cantly as the wavelength of the incident beam reaches
photonic stop bands. This is thus a demonstration of a
change in polarization state of transmitted light beam as
shown in Fig. 1(c), which is found to be maximal at
illumination with the Eys-polarized light along the G —
K direction. Under such illumination the E4s-polarized
incident wave splits into the TE- and TM- modes for the
(111) and (111) planes. These modes pass the sample in
the same direction with sufficiently different intensities
and construct the resultant transmitted wave having dis-

Frontiers in Magneto-optics --- — M. Inoue, A. A. Fedyanin, A. V. Baryshev, A. B. Khanikaev, H. Uchida, and A. B. Granovsky

similar polarization, E, # E,s.. Note that the Bragg resonant
light propagating in the G — K direction couples simul-
taneously both the (111) and (ill) sets of planes, that is
why it experiences the maximum change in its polari-
zation. It is obvious that for a single Bragg resonance, the
change in polarization of the transmitted light reaches its
maximum at a critical angle when the TM-mode propa-
gates without reflection through the crystal, and the TE-
mode is completely reflected due to Bragg diffraction. In
the short wavelengths of about 400 nm one can see the
rise of transmittance in the T, (and T,;) spectra [Fig.
2(e), (f)]. This rise has the discussed above nature and is
explained by the transmittance anisotropy involving the
(020), (002) and (022) planes.

Now we turn to study on magneto-optical response of
the system of the opal sample and magneto-optically active
liquid (Fig. 3). First, we measured Faraday rotation (&)
of the saturated isopropyl-alcohol solution of dysprosium
nitrate (spectrum 1). Faraday rotation of the opal sample
immersed in the IPA-Dy(NOs); solution was measured for
the E;-polarized beam passing the sample along the G —
K direction (spectrum 2). For the spectral range of the
(111) and (111) stop bands, spectrum 2 is defined by
transmittance through the opal sample (spectrum 3), and
outside the mentioned range spectrum 2 follows spectrum
1 of the IPA-Dy(NO;); solution.

Note that the IPA-Dy(NO;); solution shows negative
rotation of plane of polarization, but in the presence of the
opal sample rotation becomes positive for the Bragg
resonant light. According to polarized light coupling in
the case of the E;-illumination and when magnetic field is
not applied, there is no TE-TM splitting of the incident
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Fig. 3. (1) — Faraday rotation of the saturated isopropyl-alco-
hol solution of dysprosium nitrate [IPA-Dy(NO;);]. (2) — Fara-
day rotation of the system of the opal sample and IPA-
Dy(NOs); solution. (3) — transmissivity of the opal sample at
illumination with the E;-polarized light.
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Fig. 4. Faraday rotation of the system of the opal sample
immersed into IPA-Dy(NO;); solution. Spectra were taken at
different magnitude of external magnetic field: (1) - H =0
kOe, (2) ~H=1kOe, 3) - H=1.7 kOe, and (4) -H =23
kOe.

light around the (111) and (Ill) Bragg resonances [see
Fig. 2(g)]). However, if magnetic field (H) is applied, the
E,- plane of polarization is rotated by the IPA-Dy(NOs);
solution and there appears a wave which is incident on
the opal sample and then splits into TE- and TM-compo-
nents. Since the TE-mode experiences strong coupling to
the opal sample in the vicinity of Bragg resonance (see
spectrum 3, transmittance is of 0.01), the intensity of this
mode decreases extremely and the orientation of the plane
of polarization has to change significantly due to Bragg
resonance suppression [see Fig. 2(e)-(h), Tyse 135> spectra].
On the other hand the TE-mode scattering (both forward
and back) in the crystal volume is stronger in comparison
to TM-mode scattering. One should expect that & which
is accumulative in PC is largely defined by the TE-mode.
Two mentioned above processes change orientation of
plane of polarization when magnetic field is applied.
Thus, for the system of the opal sample and magneto-
optically active liquid, we have two parameters to affect
the polarization of transmitted wave: the degree of TE-
TM splitting and the actual value of & for the opal
sample infiltrated with immersion liquid. Note that & of
synthetic opal itself is positive — a fused silica glass type,
but the immersion liquid that is inside and outside the
opal sample shows negative Faraday rotation (Fig. 3).
Figure 4 shows magneto-optical response of the system
of the opal sample and magneto-optically active liquid at
different magnitude of magnetic field (H). As it was ex-
pected for the E-polarized light at H=0 kOe, transmitted
wave has the same polarization as the incident wave, and
the measured spectrum (curve 1) shows zero signal. It is
observed that rotation of plane of polarization becomes
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more pronounced as the magnitude of magnetic field rises
(curves 2-4), and & reaches a maximum.

3. Calculations of Faraday effect in three-
dimensional magnetophotonic crystals: the
layer Korringa-Kohn-Rostoker method

In this part we extend the layer Korringa-Kohn-Rostoker
(LKKR) method to study the photonic band structure
(PBS) and the MO properties of the three-dimensional
MPC’s those consist of non-overlapping MO active spheres
arranged periodically in an isotropic host material. Mag-
netization induced alteration of the PBS and transmission
spectra of the MPC’s with simple cubic and face centered
cubic (fcc) lattices was studied. Finally, we analyzed MO
properties of a magneto-photonic heterostructure ~ the
three-dimensional PC with a planar magnetic defect.

The Korringa-Kohn-Rostoker (KKR) method as well as
its modification for layered systems (LLKKR) has been
extensively and very successfully used in the study of the
electronic structure and related electronic properties of
various materials. Recently, several groups have also
developed the KKR [19] and LKKR formalism for electro-
magnetic (EM) waves [20]. The advantage of the LKKR
is that one can calculate the PBS together with transmi-
ssivity and reflectivity spectra, which can be directly
compared with experimental data.

It is well-known that EM waves propagating along the
magnetization direction in MO active medium characterized
by permeability g and the permittivity tensor

&, igyp 0
E= ~i€p &, 0 (D
0 0 ¢

are essentially the circularly polarized waves of left (L) or
right (R) handedness. The associated wave numbers or the
L and R waves are given by

w
kg = ZA/(Enign) ) 2

where ¢ = 1/ m is the velocity of light. Therefore, the
polarization plane of the transmitted light, which emerges
the slab of a MO material, will be rotated trough an angle
6 called the Faraday rotation angle.

The LKKR formalism (as well as KKR) requires know-
ledge of the scattering propetties of the elementary scatterer
of the PC. Therefore, at the first stage, we need to deal
with the scattering of an EM wave of wave number k, =
Jeu,0lc by a MO active sphere with permittivity
tensor ¢, permeability # and radius R, which is embedded
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in a optically inactive isotropic host medium defined by
& and g, Assuming an exi(—iax) time dependence we
express the EM field outside the sphere as follows [20]:

EG) = Eu(}) + Eve() =

2 {[a?f,fv X ik YKo () + i i(lsr) Xin ()| +
b

lL,m

+ l:altfkiv X h;(kbr)xlm(r) + a;:h;(kbr)xlm(r):'} 3)
b

where j; and h; are spherical Bessel and Hankel func-
tions, respectively, and X,,,(F) are vector spherical har-
monics. The coefficients a?,,,E and a?,f refer to the incident
wave, whereas a;',f and af,f to the scattered wave. These

coefficients are related to the scattering matrix as follows:

a;r:= Z Tlprr[z’ll’m’alo’f)n,z’ 3] (4)
”,m',P’

where P=(E, H). We assumed in our calculations that
My=p=1. With this assumption and using the exact
solution of the EM field inside a MO active sphere [21]
we can find the scattering matrix Tf,: ,,,,

Although the KKR formalism can deal with situations
in which the parameters of the problem depend on the
frequency, in our calculations, for simplicity and to do not
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Fig. 5. (a) Band structure for the EM field along the normal to
the (001) surface of a simple cubic photonic crystal. The pho-
tonic crystal consists of MO spheres with £,=5.59, &=
-3.69x107 and Ry/ae=0.5 radius in the air background. The
transmittance (b) and Faraday rotation (c) were calculated for
normal incidence of light onto a slab composed of 16 layers of
the (001) planes of MO spheres with £1=5.59+i5.42x1073,
&,=-3.69x107 (Bi:YIG at 700 nm) and radius R/a=0.5 in
the air background.
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obscure the main effects of the MO activity, we assumed
that £ and 4 are constant over the considered frequency
range.

We examined photonic crystals with the sc (and fcc)
lattice of nonoverlapping spheres (one sphere per lattice
site, the lattice constant ag; in the case of sc lattice the
slab under study was made as a sequence of the (001)
planes, and for the fcc lattice — (111) planes. Having obtained
the scattering matrix for a single MO active sphere, we
can apply LKKR technique to calculate the PBS and the
transmittance of slabs-[20].

The first question we have to answer is how the MO
activity of the spheres affects the PBS of magnetophotonic
crystals. Figs. 5 and 6 show sections of the PBS of sc and
fce photonic crystals along the normal to the (001) and
(111) planes, respectively. Direction of light propagation
and the magnetization direction in slabs coincide with to
the T'X (for the sc lattice) and 'L (for the fce lattice) high-
symmetry directions. We found that, when MO activity is
present, the degenerate s- and p-polarized bands of the
non-magnetic crystal split into two bands. These bands
correspond to the circularly polarized light of R and L
handedness.

Apart from this splitting of the bands, the changes in
the dispersion curves and transmission spectra brought
about by the MO activity of the spheres are marginal. At
the same time our results show that the band structure of
MPC is richer than that obtained in PCs composed of
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Fig. 6. (a) Band structure for the EM field along the normal to
the (111) surface of a fcc crystal. The crystal consists of MO
spheres with the same parameters as for Fig. 1a. The transmit-
tance (b) and Faraday rotation (c) were calculated for normal
incidence of light onto a slab composed of 16 layers of the

(111) planes of MO spheres with the same parameters as for
Figs. 1b-c.
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nonmagnetic isotropic spheres because of reduction of the
crystal symmetry by MO activity.

Although the MO activity of the spheres does not affect
significantly the PBS and transmission spectra of the
crystals, it renders crystal to be MO active, as shown in
the Figs. 5(c)c and 6¢c. A linearly polarized plane wave
incident normally on a slab of the crystal excites the two
Bloch waves, denoted by R and L, which propagate through
the slab with different phase velocities; transmission
spectra are given in Figs. 5(b) and 6(b). If, as it appears to
be the case, except the small frequency range in the
proximity of the band edges, the R and L components of
the transmitted wave have the same amplitude, the
transmitted wave will be the linearly polarized one with
the plane of polarization turned by an angle

[k (@) - k(@)

Or() = >

d. 6)

The oscillations in the Faraday rotation and transmi-
ssion spectra are the result of the interference between
waves reflected forward and backward at the two surfaces
of the slab.

The value of the of the Faraday rotation angle of the
finite slabs of PCs calculated by LKKR (Figs. 5(c) and
6¢) is in the good agreement with that deduced from Eq.
6 and band structure of the infinite crystals shown in Figs.
5a and 6a, even when absorption by the MO spheres in
the slabs in the calculations of the transmission spectra is
taken into account. Therefore, we conclude that rotary
power of the MPC’s can be readily evaluated with a
reasonably high precision.

It is worth pointing out that the Faraday rotary power of
the crystals significantly increases at the band edges. This
is what one expects because of slowing down of the EM
waves at the band edges and cumulative character of the
Faraday effect, these features result in the increasing of
the difference between phase velocities of the R and L
waves and, according to (6), the rise of the Faraday
rotation. We also note that only the R (L) waves exist in a
frequency range near lower (upper) band edge, which
means that an incident linearly polarized light within this
frequency range will emerge from the slabs as the left-
hand (right-hand) circularly polarized wave. If we consider
slabs of the PCs composed of positively rotating MO
spheres, i.e. with non-diagonal element of the permittivity
tensor &, of the opposite sign to that used in the present
numerical simulation, or change magnetization direction
to the opposite, handedness of the transmitted waves
would be reversed.

Finally we considered a magnetophotonic heterostructure
consisted of MO defect layer sandwiched in between fcc
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PC slabs composed of the silica spheres in the air.

It seems to be instructive to make consideration of the
properties of the 3D magnetophotonic heterostructures in
the qualitative comparison with its 1D counterpart, name-
ly, the MO defect incorporated into the 1D PC. Our study
on the 3D PC heterostructures revealed inapplicability of
the simple relation for the resonant transmission wave-
length Ay usable for 1D structures:

miy=2nd, (N

where m=1, 2, 3... is the positive integer, n is refractive
index of the defect and d is its thickness. This expression
is based on the phase difference gained by the wave
during its propagation through the defect layer. However,
in the 3D heterostructures complicated light scattering at
the interfaces between the 3D PCs and defect layer results
in impossibility to find any analytical expression similar
to (7). Therefore the problem in the 3D case can be
treated only numerically.

Fig. 7 shows the transmission and Faraday rotation
spectra of the heterostructure under study. In analogy with
1D magnetophotonic crystals, the strong enhancement of
the Faraday rotation appears at the resonance transmission
and in its proximity. However, because of the lower
quality factor for the defect mode in the 3D case, values
of the Faraday rotation angle are significantly smaller
than in similar 1D MPC’s.

To summarize this Section, we extended the LKKR
method to the case of MPC’s and examined their photonic
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Fig. 7. Transmittance and Faraday rotation for the normal inci-
dence on a heterostructure composed of the Bi:YIG layer
sandwiched in between by fcc PC slabs. The thickness of the
defect layer is d/ay=0.56 while the permittivity is the same as
for calculations presented in Figs. 1b-c. Each PC slab consists
of 24 planes of close packed silica spheres in the air; these
(111) planes are parallel to the basal surface of the slab.
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band structure, transmittance and Faraday rotation spectra.
Calculations were made for slabs of MPC’s with simple
cubic and face-centered cubic lattices composed of non-
‘overlapping MO active spheres in air.

It was shown that for high-symmetry directions the MO
activity reduces the symmetry of MPC’s and leads to the
splitting of branches of PBS, which are degenerate in the
corresponding non-magnetic crystals. The polarization state
of the eigenmodes corresponding to these branches changes
from the linear s and p polarization to the circular polari-
zation of the left and right handedness, and calculations
show strong enhancement of the Faraday rotation. The
latter fact reflects significant difference in the phase
velocities of the R and L waves due to slowdown of EM
waves, when approaching the bang edges, and the cumu-
lative and/or non-reciprocal nature of the Faraday effect.
For directions different from the high symmetry directions,
when branches in the PBS of the corresponding non-
magnetic PC are non-degenerate, the influence of the MO
activity is negligible and polarization state of eigenmodes
remains unaltered. In this case calculations demonstrate
suppression and vanishing of the Faraday rotation.

4. The 1D MPC Utilizing the
Second Photonic Band Gap

We fabricated a new one-dimensional magnetophotonic
crystal utilizing the second and third photonic band gaps.
Transmission spectrtum of this 1D MPC has not only the
first PBG that is located at designed spectral range, but
also many high order PBGs in short wavelength region.
Since the spectral distance between high order PBGs is
shorter than one between the first and the second PBGs,
the 1D-MPC with high order PBGs can be applied to a
photonic band pass filter, and so on. Furthermore, use of
the high order PBGs in the MPC with the large periodi-
city may be one of solutions for fabrication of 2D- and
3D-MPC’s with high-quality structure. Until now, linear
and nonlinear magneto-optical properties of the 1D-MPC’s
had been investigated for the first PBG, however, high
order PBGs of the 1D-MPC’s have not been discussed
yet. Then we studied the 1D-MPC utilizing the second
and the third PBGs to clarify their optical and magneto-
optical properties.

Structure of the 1D-MPC is (Ta,0+/Si0,)/Bi: YIG/(SiO,/
Ta,0s)° formed on a fused quartz substrate. Wavelength A
at a localized mode in the second PBG was designed to
be 900 nm. Optical length of Ta,Os and SiO, was 34/4;
one of Bi:YIG was A/2. Difference from the 1D-MPC
utilizing the first PBG is optical lengths of Ta,Os and
Si0,, whose length are A/4. Parameters of the designed
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Fig. 8. SEM image of cross-section of the 1D-MPC having a
localized mode in the second PBG around 900 nm.

structure were as follows: refractive index nra,041is 2.05,
thickness dros 1S 329 nm; nsi0,=1.45, dsio,=466 nm;
npiyi6=2.36, dpivig=191 nm. First, five pairs of the di-
electric layers of Ta,Os and SiO,, the first Bragg reflector,
were deposited on the fused quartz substrate by RF
magnetron sputtering method. A Bi:YIG defect layer was
also deposited on a top of the dielectric layers by RF
magnetron sputtering method and was annealed in air at
700 °C for 15 minutes for crystallization of the magnetic
garnet. Five pairs of dielectric films, the second Bragg
reflector, were subsequently deposited.

Fig. 8 shows a cross-section of the fabricated 1D-MPC
with a localized mode in the second PBG around 900 nm.
Film thicknesses measured by FE-SEM were 307 nm for
Ta,05 and 454 nm for SiO, on average, and 260 nm for
Bi:YIG. Because our RF magnetron sputtering system
does not have monitoring system of film thickness during
deposition, each film thickness of the 1D-MPC was not
exactly equal to designed one. In the fabricated 1D-MPC,

1.5

O 1otk

= i

Z 05t

<t

=

£

s 0.0

N

D

5

) In plane

D &Y | IR Out of Plane
- 5 a1 1 | I PN DTSSR N T MY

S5 04 3 2 -1 01 2 3 4 5

Magnetic field H (kOe)
Fig. 9. Magnetization of a 1D-MPC.



Journal of Magnetics, Vol. 11, No. 4, December 2006

-203 -

100

0
[l

N
<o

S
<

The second PBG

Transmittance (%)

o4
<
T

<

The first PBG

500 1000 1500

2000 2500 3000 -

Wavelength (nm)

Fig. 10. Transmittance spectrum of the fabricated 1D-MPC having high order PBGs. Three PBGs exist in the wavelength region.

the saturation magnetization was about 1.3 kG (Fig. 9);
the saturation magnetic ficld for the out-of-plane geometry
was 1.5 kOe, which corresponds to Faraday configuration.
In this measurement for Faraday rotation angle, magnetic
field of 3 kOe was applied, which is larger than the
saturation magnetic field.

Fig. 10 shows transmittance spectrum of the fabricated
ID-MPC having high order PBGs; the first PBG was
located between 2200 and 2900 nm, the second PBG was
between 820 and 930 nm, the third PBG was around 550
nm and the localized mode in the second PBG was at 894
nm. Since film thicknesses were different from the design-
ed thicknesses, wavelength of the localized mode in the
second PBG was shifted from 900 nm to 894 nm, and the

100

 (a)

(e8]
)
T

N
o

40

Transmittance (%)

20

i i i
800 1000 1200
Wavelength (nm)

0.0 ~§M ® '

400 600

Fraday rotation (deg.)

-1.OF
1 . i i 1 n 1 "
400 600 800 1000 1200
Wavelength (nm)

Fig. 11. (a) Transmittance and (b) Faraday rotation spectra of
single Bi:YIG thin film with thickness of 250 nm.

center of the second PBG was also shifted to 860 nm. As
seen in Fig. 10, the transmittance near the edge of the
third PBG around 400 nm decreased drastically. This is
the reason that the light of wavelength shorter than 600
nm was absorbed in the Bi:YIG defect layer, which can
be understand by transmittance of single B:YIG film
shown in Fig. 11(a).

The Bi:YIG is well known to be a magnetic materia}
with high transparency [Fig. 11(a)]; maximum Faraday
rotation occurs at 520 nm (Fig. 11(b)). Using the Bi:YIG
as the defect layer of the 1D-MPC, enhancement of Faraday
rotation was obtained at the localized mode in the first
PBG. Fig. 12 shows experimental and computational
magnified spectra including the second PBG and the third
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Fig. 12. Magnified spectra for (a) transmittance and (b) Fara-
day rotation of the 1D-MPC around the second and the third
PBGs. Experimental data is denoted by open circle and calcu-
lated data is denoted by solid line.
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PBG for (a) transmittance and (b) Faraday rotation. In the
calculations, we used 4x4 matrix method; the film thick-
nesses measured by FE-SEM were used. As seen in Fig.
12, at the localized mode around 900 nm in the second
PBG transmittance of 57% was obtained (Fig. 12(a)), and
enhancement of Faraday rotation angle of -0.5 degree
was observed (IFig. 12(b)). In addition, at a localized mode
in the third PBG vicinity of 540 nm, transmittance of
about 30% and Faraday rotation angle of —1.5 degree
were obtained. These angles are larger than the Faraday
rotation of —0.2 degree (900 nm) and —0.8 degree (540
nm) for the single Bi:YIG film. Faraday rotation is enhanced
by increment of effective optical thickness of Bi:YIG,
which is induced by light interference in the periodic
structure. As shown in Fig. 12, features of experimental
spectra of transmittance and Faraday rotation (open circles)
are in good agreement with the calculated spectra (solid
lines).

However, Faraday rotation angles obtained by experiment
and calculation were not the same magnitude as we ex-
pected before. 1t can be caused by shift of localized mode
from center of the second PBG; therefore, accurate periodic
structure is of importance to obtain large Faraday rotation
in the 1D-MPC. Moreover, Faraday rotation angle at the
localized mode in the second PBG was not large in
comparison with the 1D-MPC utilizing the first PBG (the
first PBG-MPC). In the second PBG-MPC with the
localized mode at 900 nm in the second PBG, optical
length of the Bi:YIG defect layer is same to the first
PBG-MPC. However, optical lengths of dielectric layers
of 34/4 for the second PBG-MPC is thicker than one of A/
4 for the first PBG-MPC. Because extinction coefficient
of Ta,Os is not small, absorption of light is large in the
second PBG-MPC with thick Ta,Os layérs. Therefore,
reflection effect and light localization in the Bi:YIG
defect layer of the second PBG-MPC might be small. If
we use other dielectric material with small extinction
coefficient, large Faraday rotation might be obtained at
the localized mode in the second PGB. Otherwise, thin
T4;0s layers in the periodic structure of the second PBG-
MPC may be effective.

5. Faraday Rotation at Photonic-Band-Gap
Edge in Garnet-Based Magnetophotonic
Crystals

In this part another approach for the realization of the
magneto-optical Faraday effect enhancement in 1D MPC’s
is discussed. It utilizes the spatial localization of light of
the wavelength corresponding to the PBG edge. The 6
growth is achieved by the combination of the field locali-
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Fig. 13. (2). Band structure of an 1D MPC for the circular-
polarized waves calculated for normal incidence onto the 1D
MPC consisted of layers of nonmagnetic material with
dielectric constant of £=2.1 and magnetic one with diagonal
component of dielectric constant of £=5.6 and off-diagonal
component (gyration) of g,=—0.1i. (b). FESEM image of
cleavage of the MPC under study The topmost and bottom-
most layers are Bi:YIG films.
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zation in many magnetic layers and the increase of the
total magnetic material thickness [22, 23]. The idea is
illustrated in Fig. 1a, where the dispersion relations w(k;)
and @(kg) calculated for the left- and right-circular polari-
zed optical waves propagating in a MPC formed from a
stack of magnetic and nonmagnetic quarter-wavelength-
thick layers are shown.

As k; and kg approach the boundary of the Brillouin
zone at the long-wavelength PBG edge, dispersion curves
flatten. This indicates decrease of group velocity v, or
slowing down the electromagnetic energy propagation
velocity which relates directly to the spatial localization
of light inside MPC. However, wave vectors k; and Ky .
corresponding to the same frequency at the PBG edge
differs significantly. This is a finger-print of the high
effective circular birefringence and enhancement of mag-
neto-optical Faraday rotation expected as the optical
wavelength is tuned across PBG edge.

The pair of materials, bismuth-substituted yttrium-iron-
garnet and silicon dioxide, is chosen for fabrication of 1D
MPC’s. Bi:YIG combines large Faraday rotation with low
optical losses in red and infrared spectral region. MPC’s
are consisted of stack of alternating quarter-wave-thick
(Ao/4) layers of amorphous silicon dioxide and microcrystal-
line Bi:YIG, which were RF-sputtered onto the fused
quartz substrate and annealed for Bi:YIG crystallization.
A 2.5-mm thick fused quartz disk is used as a substrate
which is called to resist to high lateral tensions in garnet
layers during the multiple high temperature annealing of
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the sample. After preparation of each successive garnet
layer, the sample was removed from the sputtering machine
and annealed in air at 700°C. Structure of the fabricated
MPC was examined using the field-emission scanning
electron microscope (FESEM) and atomic force micro-
scope (AFM). The cleavage of the MPC is depicted in
Fig. 13(b) and shows abrupt interfaces between magnetic
garnet and dielectric layers as well as reproducible layer
thickness in all repeats.

The AFM image of the MPC surface shows that Bi:YIG
layers are formed from columnar microcrystals with lateral
size from 1 to 2 um. The roughness of approximately 2
nm was observed all over the garnet film surface; note
that it was of 5 nm at the boundaries the film. Magnetic
properties of MPC were studied using a vibrating-sample
magnetometer. Hysteresis loop of the MPC at magnetic
field applied along the normal to MPC (polar configu-
ration) is shown in Fig. 14(b). Coercivity of the MPC in
the polar configuration is estimated to be approximately
50 Oe and saturating magnetic field strength is close to
1.5~kOe. Large values of saturating field is attributed to
the small Bi:YIG thickness, the easy-magnetization axis
is shown to be directed along the layers with saturating
field strength in the lateral configuration below 100 Oe.

Optical and magneto-optical spectra are shown in Fig.
15. The spectral range from 725 to 1025 nm where trans-
mission is strongly suppressed corresponds to photonic
band gap of the MPC. The Faraday rotation angle is also
decreased in this spectral region. Outside PBG transmi-
ssion is increased and shows interference fringes. The
Faraday rotation angle & also oscillates with spectrum
having the local maxima at 640 and 720 nm correlating
well with local transmission maxima. The largest enhan-
cement of Gy is observed near 1070 nm that coincides
with the long-wavelength PBG edge. The spectrum of
Faraday angle for an uniform slab of Bi:YIG with the
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Fig. 14. (a). AFM image of the surface of the MPC studied.
(b) The VSM data for polar configuration.
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Fig. 15. The transmission spectrum of 1D MPC upon the
normal incidence (filled circles). Faraday rotation angle
spectrum (open circles). Solid curves are the fit to the data
by the 4x4 matrix formalism. Dash curve is the interference-
subtracted spectrum of Faraday angle in an homogeneous
Bi:YIG slab of the same thickness.

thickness of 520 nm corresponding to the total Bi:YIG
thickness in the MPC is calculated using the known
spectra of diagonal and off-diagonal components of the
complex diclectric function tensor of Bi:YIG with the
same Bi concentration. The &renhancement at the long-
wavelength PBG edge reaches the value of 6.3 in com-
parison with homogeneous Bi:YIG slab while the rotation
enhancement at the short-wavelength edge appear to be
1.9 and 2.7.

Both experimental spectra are fitted using the four-by-
four matrix technique with spectral dependence of refrac-
tive indices and absorption coefficients are taken into
account. The enhancement is predicted and experimental-
ly observed at the wavelength tuned at the long-wave-
length PBG edge at 1060 nm. The Faraday effect is 6.5
times enhanced in comparison with single Bi:YIG layer
with the thickness equal to the total thickness of the
magnetic material in the MPC. Experimental results are in
good agreement with theoretical calculations. The corre-
lation of &rand transmittance maxima opens up prospects
for practical application of MPC in various magneto-
optical devices as it gives an opportunity to rotate polari-
zation plane without distortion or weakening transmitted
light. The calculations also show that ellipticity of the
transmitted light achieves minimum at the maximum of
6r. Increasing the number of layers in MPC one can
obtain better field localization combined with the total
magnetic material thickness increase. Such combination is
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expected to lead to significant & dependence upon the
number of layers (N) of MPC, i.e. its thickness.

6. Conclusions

In this paper recent achievements in design and fabri-
cation, as well as in observation of MO response enhan-
cement in different types of magnetophotonic crystals are
presented. We report a study on the transmittance of
linearly polarized light and change of its polarization for
light beams propagating the opal photonic crystal. By
applying magnetic field to the system of the opal sample
and magneto-optically active liquid, the linearly polarized
light beam passing the system changes its polarization.
Rotation of the plane of polarization is found to be
dependent on the magnitude of the applied magnetic field.
It is shown that observed features in transmission spectra
and magneto-optical response are due to the specific
conditions for Bragg resonant light scattering on the
families of crystal planes. We note that degree of TE-TM
splitting and Faraday rotation in magnetophotonic photonic
crystals influerice simultaneously the detected rotation of
the plane of polarization. With further understanding, these
results serve as a basis for comprehensive evaluation of
magneto-optical properties of 3D MPC.

We extended the LKKR method to the case of MPC’s
and examined the photonic band structure, transmittance
and Faraday rotation spectra in simple cubic and fcc PCs
slabs that consist of non-overlapping MO active spheres
arranged periodically in an isotropic host medium. We
found that a photonic band structure is most significantly
altered by the magneto-optical activity of spheres for the
high-symmetry diréctions where the degeneracies between
the s- and p-polarized modes for the corresponding non-
magnetic photonic crystals exist. The significant enhan-
cement of the Faraday rotation appears for these direc-
tions in the proximity of the band edges, because of the
slowing down of the light. While in the general case,
when directions of incidence differ from these high-
symmetry directions the Faraday rotation is suppressed.

New approaches for one-dimensional magnetophotonic
crystals fabrication - optimized for the magneto-optical
Faraday effect enhancement is proposed and realized.
First, we studied the 1D MPC utilizing the second and the
third PBGs to clarify their optical and magneto-optical
properties. Then, MPC’s consist of a stack of ferrimagnetic
Bi-substituted yttrium-iron garnet layers alternated with
dielectric silicon oxide layers of the same optical thickness.
High refractive index contrast provides the strong spatial
localization of the electromagnetic field with the wavelength
corresponding to the long-wavelength edge of the photonic

‘\\
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