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Abstract: We propose an all-dielectric magneto-photonic crystal with a hybrid magneto-optical
response that allows for the simultaneous measurements of the surface and bulk refractive index of
the analyzed substance. The approach is based on two different spectral features of the magneto-
optical response corresponding to the resonances in p- and s-polarizations of the incident light.
Angular spectra of p-polarized light have a step-like behavior near the total internal reflection angle
which position is sensitive to the bulk refractive index. S-polarized light excites the TE-polarized
optical Tamm surface mode localized in a submicron region near the photonic crystal surface and
is sensitive to the refractive index of the near-surface analyte. We propose to measure a hybrid
magneto-optical intensity modulation of p-polarized light obtained by switching the magnetic field
between the transverse and polar configurations. The transversal component of the external magnetic
field is responsible for the magneto-optical resonance near total internal reflection conditions, and
the polar component reveals the resonance of the Tamm surface mode. Therefore, both surface- and
bulk-associated features are present in the magneto-optical spectra of the p-polarized light.

Keywords: optical sensor; photonic crystal; surface optical wave; magneto-optics; transverse magneto-
optical Kerr effect; Faraday effect
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1. Introduction

Optical sensors based on the surface waves are characterized by a very high sensitivity
that is crucial for various practical applications, including biosensing, medical studies, de-
tection of chemical species, food safety, and environmental control [1]. Most commercially
available sensors are based on the detection of the surface plasmon resonance that shifts
under the variation of the refractive index of the analyte, which is an analyzed substance
in the sensor measurement cell. This technique is very convenient in the sense of the
simplicity of the optical measurements and the structures required for sensing. Although it
can be scaled down to construct nanosensors utilizing plasmonic nanoantennas [2,3], in
the present study we focus on the planar structures that allow operating with the macro-
scopic measurement cells and utilize the flat sensing surfaces to attach and detect various
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biological species [4,5]. Alongside with these advantages, surface plasmon resonances are
characterized by low quality factors Q~10 due to the high absorption in the metallic layers
which limit the sensitivity of such sensors.

Many recent studies are focused on the different approaches to increase the Q-factors
of the surface wave resonances and to overcome this limitation. For example, long-range
propagating surface plasmon polaritons in thin metal films deposited on the top of a
dielectric layer [6-8], multilayered plasmonic [9,10] structures or photonic crystals [11-15]
produce narrow optical resonances and allow for the Q-factor increase. Even more narrow
resonances could be produced using all-dielectric structures [16] instead of plasmonic
ones, and utilization of photonic crystals with Tamm surface optical modes. Actually,
this approach allows not only to increase the Q-factor, but also to achieve the sensitivity
to the bulk and surface refractive indices due to the measurements performed simulta-
neously in p- and s-polarizations [17,18]. This possibility is not available in any kind
of the plasmonic structures. Another possibility to increase the resonance Q-factor is to
introduce a magnetic material in the sensing structure and to utilize the magneto-optical
measurements of the transverse magneto-optical Kerr effect (TMOKE) instead of optical
reflectance spectra [5,19-22]. The magneto-optical response can be enhanced with a vari-
ety of metamaterials [23-26], plasmonic coatings, dielectric nanostructures [27-29], and
photonic crystals [30-33].

A combination of these two approaches, excitation of a photonic-crystal supported
Tamm surface mode and performing the magneto-optical measurements, was recently
reported to be very promising from the point of view of dramatical increase of the sensor
sensitivity [30-32]. However, as the TMOKE is observed only in the p-polarization of the
incident light, this approach does not allow to perform magneto-optical measurements in a
dual-channel regime for a simultaneous detection of the bulk and surface refractive indices
of the analyte. Similar increase of the sensitivity was predicted for the polarization-based
measurements in the polar configuration of a magnetic field for a case when the resonances
in p- and s-polarizations coincide [33]. However, it also does not provide any possibility
for the dual-channel measurements.

In the present study, we focus on an all-dielectric magnetophotonic crystal (MPC)-
based structure with a hybrid magneto-optical response that allows us to overcome this
limitation. Optical response of the designed structure has two different spectral features in
p- and s-polarizations of the incident light similar to the previously reported nonmagnetic
structures [17,18]. Angular spectra of p-polarized light have a step-like behavior near
the total internal reflection angle which position depends on the bulk refractive index.
S-polarized light excites the TE-polarized Tamm surface mode localized in a submicron
region near the photonic crystal surface that is sensitive to the refractive index of this
near-surface analyte. Instead of the conventionally measured TMOKE, we propose to
measure a magneto-optical intensity modulation of p-polarized light obtained by switching
the magnetic field between the transverse and polar configurations. The transversal
component of the external magnetic field is responsible for the appearance of the spectral
feature associated with a total internal reflection, and the polar component leads to the
polarization mixing and appearance of the magneto-optical resonance corresponding to
the Tamm surface mode. Therefore, both surface- and bulk-associated features are present
in magneto-optical spectra of a selected light polarization.

2. Materials and Methods

Sample design and numerical simulations. An impedance method described in [34]
was used to design the magneto-photonic crystal supporting the TE-polarized Tamm
surface mode at the interface between the magnetophotonic crystal and the water as
analyte. A thin-film based semitransparent magneto-optical material (bismuth-substituted
iron-garnet, BIG) layer was selected as a terminating magnetic layer of the photonic crystal.
The parameters of the magnetophotonic crystal (MPC) were chosen to provide the surface
mode at the wavelength of 771 nm which corresponds to the operating wavelength of the
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laser diode. MPC was designed as follows: two pairs of the Tay;O5/5iO, layers with the
thicknesses of 143 nm /243 nm, correspondingly, covered by a terminating 220-nm thick
bismuth-substituted iron-garnet film.

We used self-made software based on transfer matrix technique, the details of which
are presented, for example, in [35]. It allows calculation of intensity and polarization of
reflected and transmitted light for layered structures.

Sample fabrication. The magnetophotonic crystal was fabricated in a two-stage pro-
cess. First, a photonic crystal containing Ta;Os5/SiO, layers with the designed parameters
was deposited onto a SiO, substrate by magnetron sputtering. Secondly, a bismuth-
substituted iron garnet compound doped with dysprosium and gallium layer was prepared
on top of the PC using the RF magnetron sputtering technique. The sputtering targets
used had nominal compositions of Biy 1Dy oFes 9Gaj 101. This type of garnet layer pos-
sessed simultaneously a high Faraday rotation and the necessary level of uniaxial magnetic
anisotropy to orient the magnetization of the films in the direction perpendicular to the
film plane. The sputter deposition process parameters used to prepare the garnet layer on
top of PCs are detailed in Table 1.

Table 1. Summary of process parameters used to prepare the garnet layers.

Process Parameters Values and Comments
Sputtering target stoichiometry oxide-mixed garnet targets Biy 1Dy oFe39Gaj 1012
Base pressure 4-5 x 107 Torr
Argon (Ar) pressure ~2 mTorr
Substrate stage temperature Room temperature 21-23 °C
Substrate stage rotation rate 16-17 rpm

After sputtering the sample was annealed at 600 °C to provide ferromagnetic state of
the garnet layer.

Experimental setup. MPC was attached to a coupling SiO; prism with the base angle
of 60°. It was irradiated by a laser diode at a wavelength of 771 nm. Measurements
were held for s- and p-polarization of the laser beam separately. The laser beam was
modulated with an optical chopper operating at a frequency of 360 Hz for measurements
of the reflection. MPC with the prism were mounted on the rotating platform enabling to
vary the angle of light incidence with accuracy of 0.05°. The reflected light was detected
by a photodiode. An external magnetic field was applied. It had two components—the
in-plane component alternating in time with an amplitude of 120 mT and the out-of-plane
component of a constant value of 40 mT (along z-axis, see Figure 1). Therefore, the external
magnetic field was switching between two directions—H* and H™ in YZ-plane. H* and
H™ are directed at angles of 70° and —70° to z-axis, respectively.

The hysteresis obtained in external magnetic field directed along the z-axis and along
the y-axis are shown in Figure 2.

The measured magneto-optical effect is defined as magneto-optical modulation of the
optical reflectance:

R(HT) —R(H")
R(HY)+R(H™)

5= 1)
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3. Results

The measurement scheme that was used for the magneto-optical refractive index sens-

ing exploiting the MPC with a hybrid magneto-optical response is presented in Figure 1.
All-dielectric magneto-photonic crystal with a bismuth-substituted iron-garnet film
exhibits a step-like behavior of the reflectance coefficient near the total internal reflection

angle in p-polarization of the incident light, as shown in Figure 3a. The position of this spec-

tral feature is determined by the total internal reflection angle 67 = sin~! (nm, / ”prism)

between the prism material and the analyzed substance with n,, refractive index. Re-

flectance spectra of the p-polarized light is sensitive to the external magnetic field applied
in the transverse configuration (namely, switching between the +H, and —H, component).
This causes the magneto-optical spectra to have a resonance near 67r (Figure 3c) which
position is predominantly associated with a bulk refractive index of the analyte.
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Figure 3. The reflectance (a,b) and magneto-optical (c,d) angular spectra of the magnetophotonic crystal in (a,c) p- and (b,d)
s-polarizations of the incident light measured for different concentrations of the ethanol.
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On the other hand, the MPC is designed to support a TE-polarized Tamm surface
mode that manifests itself as a dip in the reflectance spectra of the s-polarized incident light
(Figure 3b). This mode itself is completely insensitive to H, component of the magnetic
field [32]. However, if a magnetic field in polar configuration (H;) is applied, the eigen
polarization of the mode changes [36,37] and it acquires TM-components that were absent
in the nonmagnetic case. In its turn, the emerged TM-components are sensitive to the
switching of the direction of the H, component of the external magnetic field. Thus,
this mixing of the TE- and TM-components of the electromagnetic field due to the eigen
polarization change is observed as a resonance in the magneto-optical spectra of the s-
polarized light, see Figure 3d.

Therefore, in contrast to the various configurations of the magneto-optical sensors
studied before, the proposed configuration allows one to measure the magneto-optical
response in the dual-channel regime, in p- and s-polarizations independently. As it will be
shown further, these two channels are responsible for the measurement of the bulk and
surface refractive indices of the analyte. At the same time the proposed scheme preserves
the advantage of the magneto-optical sensing which is an extremely high figure of merit.

Figure 3 shows the results of the performed sensing experiments where both op-
tical and magneto-optical response were measured for different concentrations of the
ethanol in water solution (mixtures are made in volume). Taking the refractive indices
of water ny,; = 1.3330 [38] and ethanol n,s = 1.3611 [39] at the room temperature, and
assuming the linear dependence of the refractive index on the ethanol concentration, one
may obtain n1goetaner = 1.33581, np09etanot = 1.33862. This gives the sensitivity of the
position of the magneto-optical resonances S = 96y,s/dn equal to S, = 168 deg./RIU,
Ss = 130 deg./RIU. Figure of merits for these configurations determined as the ratio of the
sensitivity to the full-width at half-maximum of the resonances, FOM = S/A®, is estimated
as FOM,, = 982 RIU ! for p-polarized light, and FOM; = 521 RIU™! for s-polarized light,
which is about an order higher than typical values for the plasmonic sensors. In the case of
plasmonic sensors, FOM is limited by material losses in the metal and reaches values of
~20 RIU! [40,41]. For dielectric nanostructures FOM is limited by material losses in the
dielectric and reaches values of ~300 RIU ™! [42,43].

4. Discussion

Let us now discuss the dual-channel magneto-optical measurements in more details to
reveal other advantages of this approach. The experimental measurements were performed
using p- and s-polarized incident light in order to get the two resonances of the magneto-
optical effect: one associated with the total internal reflection (TIR), and the other one
associated with the Tamm surface mode. Actually, if the magnetic field direction were
changed and instead of tilting of H-vector with respect to the z-axis one will switch between
H; and H,, directions of the magnetic field, both magneto-optical resonances would be
observed in the angle resolved reflectance spectra of the p-polarized light, as shown in
Figure 4a. The resonance of the TE-polarized Tamm surface mode would be excited by p-
polarized light due to the coupling between the TM and TE components if the H, magnetic
field is applied, and would not reveal itself if H, magnetic field is applied. This would lead
to the magneto-optical modulation of the light reflected from the interface.

An important point is a significantly different penetration depth of the electromagnetic
field in the analyte for the TIR and Tamm-associated magneto-optical resonances. Actually,
the magneto-optical resonance in p-polarization corresponds to the total internal reflection
angle where the penetration depth in the analyte is very high (it equals infinity exactly
at the total internal reflection angle). The energy of the Tamm mode is localized in a
submicron region Lt near the interface of BIG and analyte:

A 1

LTe = 37 [12 gin2 2/
13,$in*0 — ng,

2
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and for the considered structure Ltr = 0.38 pm. Therefore, the two magneto-optical
resonances corresponding to TIR and Tamm mode excitation which are observed for the
slightly different angles have a drastically different penetration depth in the analyzed
substance. This is a key to the sensing of the bulk and refractive indices simultaneously in
a frame of a single device and single-polarization measurements.
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Figure 4. Surface and bulk refractive index sensing. (a) Reflectance angular spectra of the p- and s-polarized light;
magneto-optical modulation Rp(Hz)-Rp(Hy). (b,c) Sensitivity of the two magneto-optical resonances to the variation of the
near-surface (b) and bulk (c) analyte refractive index.

To show this, we performed additional numerical simulations of the magneto-optical
response of the two-component analyte with varying surface or bulk refractive indices.

The analyte layer with so-called surface refractive index nff,irf having a thickness of 1 pm
is located near the magnetophotonic crystal surface and mimics the measured substance
attached to the surface of the sensor. The thickness of this layer was selected to match,
on the one hand, the penetration depth of the electromagnetic field (which equals to
2LtE), and, on the other hand, typical size of different biological objects, such as bacteria,
cells, etc. Actually, the sensor is suitable for measurements of various biological objects
with the characteristic sizes ranging from 0.2 to 1.5 um approximately, which include
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various types of bacteria, such as nanobacteria and ultramicrobacteria (having the size
from 200 to 800 nanometers); prokaryotic cells (in most cases having the size from 0.5 to
3 pum), microplasma cells and many others. The semi-infinite layer of n2%/* corresponds
to the whole analyte solution in the measurement cell, which refractive index generally
may change due to some temperature fluctuations, changes of the composition of the
solution, etc.

Figure 4b,c shows that, according to the qualitative considerations provided above, the
TIR-associated magneto-optical resonance is sensitive mainly to the bulk refractive index,
while the Tamm-associated resonance depends mostly on the surface one. The numerically
obtained sensitivities are 100 deg./RIU and 21.89 deg./RIU for the corresponding magneto-
optical resonance positions. Therefore, the proposed approach makes it possible to measure
simultaneously and with a high sensitivity the surface and bulk refractive indices of analyte
using a single-polarization magneto-optical intensity effect angular spectra.

Therefore, we showed both experimentally and numerically that all-dielectric magneto-
photonic crystal with a hybrid magneto-optical response allows for the simultaneous mea-
surements of the surface and bulk refractive indexes of the analyzed substance. The mea-
surements were performed using liquids as analytes, therefore, the demonstrated sensor
with a hybrid magneto-optical response is ready for operation with real biological samples.
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