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Bloch-surface-wave-induced Fano resonance in magnetophotonic crystals
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We have observed the Fano-type Faraday rotation spectrum in a one-dimensional magnetophotonic crystal at
the Bloch surface wave (BSW) resonance and found that it is a result of the coupling between the s-polarized
BSW and the p-polarized waveguiding modes of the magnetophotonic crystal. The shape of the resonance is
determined by the relative position and spectral splitting of the modes.
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Magneto-optical phenomena, such as Faraday and Kerr
effects, are the fingerprints of the spin-orbital interaction
that appears when light couples with a magnetized medium
and can be significantly increased near spectrally narrow
optical resonances [1-5]. Magnetophotonic crystals (MPCs)
[6] that have resonances in the photonic density of states at the
band-gap edge provide extensive opportunities for controlling
the Faraday and Kerr effects. Under an external magnetic
field applied to an MPC, an increase in the Faraday effect
is observed at the photonic-band-gap edge [7-9] due to the
slow light effect [10]. A stronger enhancement of the Faraday
rotation angle can be obtained at the narrow resonances of
MPC reflectance spectra related to the multipass traveling of
light in the MPC microcavity spacer [11-14]. It is caused by
the splitting of the resonance for the right and left circularly
polarized waves in the medium under the magnetic field [15].
Since the wave phase is changing by = upon tuning through
the resonance, the polarization plane rotation of the outgoing
wave can reach up to 77 /2 if the spectral distance between split
resonances is sufficiently large. Thus, in the presence of narrow
optical resonances, the Faraday rotation angle is determined
both by the magnetic properties of the material affecting the
splitting and by the Q factor of the resonances, which define
their spectral width [6].

However, besides the Faraday rotation enhancement, the
magnetooptical control of light implies different directions of
polarization plane rotation, linear-to-circular and other polar-
ization transformations. These opportunities can be opened by
the use of polarization-sensitive MPCs that have resonances
only for specific linear polarizations of the incident light. An
example is a 1D-MPC with a specially selected top layer
thickness that supports the Bloch surface electromagnetic
wave (BSW) excitation [ 16—19]. The proper choice of the MPC
parameters provides the means to observe the s-polarized BSW
and p-polarized waveguiding mode (WGM) of the MPC in
the same spectral region [20]. Recently, we have theoretically
studied the optimal conditions for BSW excitation in magne-
tophotonic crystals [21]. The BSW excitation in MPCs was
shown to cause the Faraday rotation of the light polarization
inside the structure (Fig. 1). P-polarized light appears due to
Faraday rotation and excites the WGM. The interplay of the
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FIG. 1. Schematic representation of the experiment.

BSW and WGM results in an enhancement of the Faraday
rotation angle ¢ between the directions of the incident and
reflected electric vectors E;y and Eg. The lineshape of the
Faraday rotation spectra becomes Fano shaped. Here, we
experimentally demonstrate how a fundamental property of
magneto-optical effects to couple two linearly polarized modes
allows one to control and modify the values of Faraday rotation
angles. The spectral lineshape of the Faraday rotation is shown
to be Fano shaped and is determined by the relative positions
of the BSW and WGM resonances.

The chosen magnetophotonic crystal sample consists of
15 alternating layers of fused quartz and Bi-substituted
yttrium-iron-garnet (Bi:YIG) (n, = 1.45 and ny;¢ = 2.15 at
a wavelength of 700 nm) on a gadolinium gallium garnet
(sGGQG) substrate. The photonic band gap at normal incidence
of light is supposed to be centered at Ao = 830 nm. The top
layer thickness is 390 nm, and the other layers have a thickness
of Ao/4. Figure 2 shows the reflectance of the magnetophotonic
crystal depending on the wavelength and the angle of incidence
calculated using the transfer matrix technique [22,23]. When
the sample is illuminated by s-polarized light behind the light
line, the BSW appears inside the photonic band gap. If the
incident light is p polarized, the WGM shown in Fig. 2 as red
curves is excited in the same spectral range. The distributions
of the electromagnetic field amplitudes in the MPC layers
calculated for these two modes are shown in the bottom
panels of Fig. 2. At the BSW mode, the electromagnetic
field is concentrated at the photonic crystal/air interface and
exponentially decreases deep into the MPC. The WGM profile
has an envelope increasing to the photonic crystal center, which
is typical for waveguiding modes.
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FIG. 2. Top panel: Magnetophotonic crystal reflectance depend-
ing on the wavelength and the angle of incidence of the s-polarized
light. The blue curves are the BSW and s-polarized waveguiding
modes, and the red curves mark the dispersion curves of dark
p-polarized waveguiding modes. Bottom panel: Distributions of the
electric field amplitude across the magnetic (yellow) and nonmagnetic
(gray) layers of magnetophotonic crystal at the WGM and BSW. The
amplitude of the electric field in front (in the substrate, blue) and
behind (in the air, white) the sample is also shown.

The magnetophotonic crystal sample was fabricated by
ion-beam sputtering of Bi:YIG and SiO, targets onto an
sGGG substrate. Each bilayer was annealed for 15 minutes
at a temperature of 750 °C. Transmittance spectra and spectra
of the Faraday rotation angle of the incident light passing
through the MPC sample were measured simultaneously. The
experimental setup is schematically shown in Fig. 3(b). The
sample was illuminated by a white-light beam of a filament
lamp L passed through a collimator and a polarizer P. The
magnet M was located face to face with the back side of the
sample, producing a magnetic field with a strength of 1 kOe.
This setup provides the possibility of both transmittance and
reflectance spectroscopy via changing the angle of incidence
6 and detection angle. Light passing through or reflected from
the sample passed through an analyzer A and was detected by
the spectrometer S. Spectra of the Faraday rotation angle were
determined from the phase difference of Malus’s law measured
for opposite directions of the magnetic field [24]. The magnetic
properties of the sample were characterized using the vibrating
sample magnetometer technique [Fig. 3(c)]. The dependence
of the sample magnetization on the strength of the applied
external magnetic field demonstrates the hysteresis caused
by the ferrimagnetic Bi:YIG layers and shows that the
external field strength of 1 kOe is sufficient for saturating
the magnetization curve. Figure 3(a) shows the experimental
and calculated transmittance spectra of the magnetophotonic
crystal sample and the corresponding Faraday rotation spectra.
On the right edge of the photonic band gap, there is a
slight increase in the Faraday rotation, which was previously
observed in similar structures due to multipass traveling of
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FIG. 3. (a) Spectra of transmittance (black) and Faraday rotation
angle (red) of the MPC sample measured (dots) and calculated
(curves) for the normal incidence. (b) Sketch of the experiment.
(c) Hysteresis loop of the sample.

light through the layered structure and low group velocity
of light near the photonic band gap edge. The growth of the
Faraday angle in the short-wave part of the spectrum caused by
the increase in gyration vector values due to the dispersion of
Bi:YIG was not taken into account in the numerical model.
The calculation results are in a good agreement with the
experimental data for the wavelengths above 650 nm that
confirms the correct choice of the model parameters in the
studying spectral range.

BSW and WGM having dispersion curves located behind
the light line require prism- or lattice-coupling schemes
to be excited. Here, we used the reflective Kretschmann
configuration based on an isosceles BK7-glass prism with
a base angle of 55°, which was set in place of the sample
in the setup shown in Fig. 3(b). Figure 4 presents the
measured and calculated s- (blue curves) and p-polarized
(red curves) reflectance spectra of the magnetophotonic crystal
and the corresponding spectra of the Faraday rotation (black
curves) measured for s-polarized incident light. The angle
of incidence from the prism to the sample surface, 0, varies
from 42.6° (top panel) to 46.5° (bottom panel). As expected,
the incidence of the s-polarized light results in the BSW
excitation, which corresponds to a narrow shallow resonance
in the reflectance spectra. The resonance depth decreases as
the incident angle increases. This is caused by the decrease
in the total amount of light energy penetrating into the MPC,
while the incident angle increases behind the light line even
though the field localization in the BSW increases. Wide dips
in the red curves correspond to the WGM resonances while
the magnetophotonic crystal is illuminated by p-polarized
light. As the incident angle increases, both the resonances
shift to short wavelengths, but the WGM resonance shifts
faster; thus, the spectral distance between the BSW and WGM

081401-2



BLOCH-SURFACE-WAVE-INDUCED FANO RESONANCEIN ...

1.0 T T T T 0.6
B

T 404

0.8 \
Rakic % T 02
0.6} {\\rf! 10.0

0=42.6 deg

1L.OF=—= 0.6

A

r‘ﬁ-— ‘"o\. ,- 104
~/

M-\v.{' V 104
0.8} 2

'M-‘\ N '\wv 10.2
0.6} / \L \" 0.0

1.0 ; ; ; ; 0.6
0.8 w
S )
%\/ \
0.6F ~ «.} \ 0.0

0.8F &
e -* =

" 9902 >

\f\‘ E,

§ 0.6 100 <
s 0= 439dcg g
131 1 1 .=
% 1.0 T T T -)’ 0.6 :g
~ ———ii i r ~
2

=

<

s

&5

60 =46.5 deg {
660 680 700 720 740
Wavelength (nm)

FIG. 4. Measured (dots) and calculated (curves) spectra of the
Faraday rotation angle (black) and reflectance (blue) of s-polarized
light. Measured (dots) and calculated (lines) spectra of reflectance
(red) of p-polarized light are shown for reference. Angles of incidence
at the sample from the prism are 42.6°, 43.9°, 45.2°, and 46.5°.

resonances decreases. The spectral dependence of the Faraday
rotation angle of s-polarized light has a feature coinciding in
wavelength and caused by the BSW excitation. The process is
quite similar to Faraday rotation enhancement by the optical
Tamm states in magnetophotonic crystals [2]. The BSW is an
allowed state inside the photonic band gap that has a long
lifetime and strong spatial localization of the electromagnetic
field. The maximum of the field is reached inside the top
layer of the magnetophotonic crystal [Fig. 2(b)], which is
a magnetic one. Moreover, the resonance of the BSW is
extremely narrow. All three of these factors contribute to
the enhancement of the Faraday rotation. Surprisingly, the
experimentally obtained value of the Faraday rotation angle
is not large and reaches 0.2°. We believe that the angular
divergence of the incident beam and sample surface roughness
have decreased the observed value. The angular divergence
of the incident beam of 20 mrad was taken into account
during the calculations, providing a good agreement between
the calculated and experimental data. The feature in the
Faraday rotation spectrum has a Fano resonance shape and
changes from an asymmetric shape to a symmetric one, while
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the incident angle increases and the BSW and the WGM
resonances approach each other. This behavior is observed
both in the experiment and calculations. Thus, it can be argued
that the spectral dependence of the Faraday rotation angle
depends not only on the BSW resonance in the structure
but also on the coupling of the BSW with the WGM mode
that is not excited in the s polarization of the incident light.
A certain analogy can be drawn here with the bright and
dark modes of surface plasmons in plasmonic nanostructures
[25]. Although the dark mode is not excited in the given
experimental geometry, the Fano-shaped resonance in the
Faraday rotation spectra enables visualization of the dark
mode through the interaction with the bright mode. Moreover,
the view of the resonance provides a means for determin-
ing the mutual spectral position of the BSW and WGM
resonances.

A more general idea of the polarization changes produced
by the magnetophotonic crystal undergoing an external mag-
netic field action can be given by a study of the spectral
dependences of the Stokes parameters (e.g., see Ref. [26])
of reflected light. The parameter S, corresponds to the
reflectance; the Faraday angle ¢ is related to the first and
second Stokes parameters as ¢ = (1/2)arctan(S,/S;). The
Stokes parameter S3 describes the ellipticity introduced by
a magnetophotonic crystal, which also increases significantly
if the Faraday rotation angles are large. Figure 5 shows three
typical cases: when the WGM resonance is blueshifted for
30 nm [Fig. 5(a)], redshifted for 30 nm [Fig. 5(c)] relative
to the BSW resonance, and when they coincide [Fig. 5(b)].
The results are obtained by changing the thickness of the
top layer at the magnetophotonic crystal/air interface and
calculated for top layer thicknesses of 390 nm, 428 nm, and
470 nm at an angle of incidence of 8 = 42.6°. The top
layer thickness of 390 nm corresponds to the sample structure
studied experimentally.

Let us consider the reflection of the sample with the
top-layer thickness of 428 nm [Fig. 5(b)]. The spectrum of
So demonstrates the deepest minimum of the reflectance. This
is not directly related to the BSW and WGM spectral positions.
This indicates that the BSW excitation conditions in the
structure are optimal and the BSW coupling is most effective.
It allows one to demonstrate most clearly the possibilities
of the BSW application for magnetically controlled light
polarization transformations. The S;/Sy and S»/Sy spectra
show that the more effective BSW is excited in the structure,
the greater Faraday rotation can be achieved. Bandwidth of the
BSW resonance is extremely small, and spectral dependence
of phase of light reflected from the MPC is steplike and
has a jump across the BSW resonance spectral position
[19]. The magnetoinduced splitting of the resonance [15]
leads to phase difference between left and right circularly
polarized waves that is much larger than values determined
by magneto-optical constants of magnetic layers. Under ideal
conditions the Faraday rotation can reach a theoretical limit
of m/2. At the same time, the ellipticity of light reflected
from the structure increases (Fig. 5, S3/Sy spectrum) because
of different dispersion relations of TE and TM modes of the
MPC. Near the BSW resonance the ellipticity reaches 1, that
corresponds to circularly polarized light. With a decrease of the
efficiency of the BSW coupling, the magnitudes of the Stokes
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FIG. 5. Numerical spectra of the Stokes parameter S, and
normalized Stokes parameters S; /Sy, S>/So, S3/So of light reflected
by the magnetophotonic crystals in the presence of magnetic field.
The incident light is s-polarized plane wave. The thicknesses of the
top layer at the magnetophotonic crystal/air interface are 390 nm (a),
428 nm (b), and 470 nm (c). 6 = 42.6°.
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parameters spectral resonances drastically decrease [Figs. 5(a)
and 5(c)]. Thus, the considering MPC structure near the BSW
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resonance is a magnetically-controlled wave plate of variable

thickness that can be of great potential for applications.
The influence of the WGM and its spectral position relative

to the BSW manifests itself in the S,/Sy parameter spectral
behavior. In the case where the BSW resonance wavelength
is sufficiently shorter than one of the WGM resonance,
the features in the S,/Sy spectrum and, correspondingly,
in the Faraday rotation spectrum have an asymmetric form
of the Fano resonance [Fig. 5(a)]. Then, the shape of the
Fano resonance becomes symmetrical and appears as a dip,
while the BSW and WGM resonances become closer and
coincide [Fig. 5(b)]. When the BSW resonance shifts to a
longer wavelength relative to the WGM, the Fano resonance
in the S,/Sp spectrum takes an inverted asymmetrical shape
[Fig. 5(c)]. This leads to the sign change of the Faraday rotation
angle if the BSW dispersion curve crosses the WGM curve.
Thus, the shape of the Fano resonance in the Faraday rotation
angle spectrum is determined by the spectral positions of the
BSW and WGM resonances relative to each other.

In conclusion, we have experimentally and numerically
studied the behavior of the spectral dependence of the Faraday
rotation angle in one-dimensional magnetophotonic crystals
in the spectral vicinity of the BSW and WGM resonances
existing for the orthogonal linear polarization of the incident
light. In the case of closeness of the two resonances, a
Fano-shaped feature appears in the Faraday rotation spectrum
caused by the coupling of two modes, one of which is bright
for a given polarization and the other one is a dark one.
The Fano-shaped resonance in the spectrum of the Faraday
polarization rotation angle reveals the presence of the dark
mode and provides definite information about the relative
positions of the resonances. Besides, it leads to the change
of the Faraday rotation direction that makes these resonance
MPCs promising for the future photonics devices.
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