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Abstract: A ferromagnetic garnet, used as a magneto-optical (MO)
material in magneto-photonic and magneto-plasmonic structures, is
characterized. We present a general procedure to determine optical
and magneto-optical functions of the magneto-optic garnet by using
Mueller matrix ellipsometry. In the first step, the optical functions (the
refractive index spectra) of the (CaMgZr)-doped gallium-gadolinium
garnet (sGGG) substrate and the Bi-substituted gadolinium iron garnet
Gd1.24Pr0.48Bi1.01Lu0.27Fe4.38Al0.6O12 (Bi:GIG) are obtained in the spectral
range from 0.73 eV to 6.42 eV (wavelength range 193 nm – 1.7 μm).
Subsequently, the spectra of the magneto-optical tensor components are
obtained by applying an external in-plane magnetic field in longitudinal and
transverse geometry. The obtained functions are then used to fit the Mueller
matrix spectra of a magneto-plasmonic structure with a gold grating on the
magneto-optic garnet layer. This structure has recently been demonstrated
to have strongly enhanced transverse magneto-optic Kerr response at visible
and near-infrared frequencies. By taking possible fabrication imperfections
(surface roughness, residual photo-resist layer, thickness deviation) into
account, the measured strongly enhanced MO response fits very well to the
numerical model predicting these exaltations.
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1. Introduction

The magneto-optical (MO) garnets were studied for decades for systems with the non-
reciprocal optical response, i.e. for systems with the broken time-reversal symmetry. In the
near infra-red region the garnets are commonly used for their sufficiently large MO effect, low
optical absorptions [1] and compatibility with III-V semiconductor and silicon technology. For
the optical telecommunication wavelength of 1550 nm several concepts of integrated structures
with non-reciprocal optical response, i.e. optical isolators and circulators, were proposed [2,3].
Impressive work in optical isolation based on MO garnets in combination with silicon waveg-
uiding systems with ring resonators or Mach-Zehnder interferometer was presented by Mizu-
moto et.al [4–6] and Fujita et. al. [7, 8]. The monolithic nonreciprocal optical-resonator-based
isolator with high isolation ration combining MO garnet on a single-mode silicon waveguide
was recently demonstrated by Bi and Ross [9].

In a free-space configuration the MO garnet response can be further enhanced by a plasmonic
gold grating, i.e. grating supporting effect of surface plasmon polariton (SPP) excitation [10]. In
particular, it has been predicted and demonstrated that the nonreciprocal splitting of the extraor-
dinary reflection (and transmission) spectra of a 1D plasmonic gold grating on a transversely
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magnetized MO substrate, leads to a giant enhancement of the transverse magneto-optic Kerr
(TMOKE) response of such a magnetoplasmonic structure [11–13]. It was explained how the
nonreciprocal splitting of the dispersion of the SPP’s guided by the garnet/Au grating inter-
face causes a nonreciprocal shift of the Wood-plasmon resonances, the extraordinary optical
transmission (EOT), reflection spectrum of this structure, and hence is at the origin of the Kerr
effect enhancement. Moreover, it was theoretically demonstrated, that TMOKE response of the
magnetoplasmonic structure can be further enhanced by the proper tuning of the interaction
between resonant modes in the grating, the SPPs, and the cavity resonance in the air-gaps of
the grating. The optimal degree of modes interaction can be achieved by the optimization of the
structure geometry [14]. Therefore there is need to characterize geometry of fabricated struc-
ture in order to optimize the design with respect to fabrication technology. The knowledge of
the optical function of used materials is crucial for characterization of the fabricated structure
geometry and its further optimization.

In this paper we present precise magneto-optical and optical characterization of such a
1D periodic magnetoplasmonic structure based on a gold grating prepared on a MO Bi-
substituted iron garnet film Gd1.24Pr0.48Bi1.01Lu0.27Fe4.38Al0.6O12 (Bi:GIG) and a (CaMgZr)-
doped gallium-gadolinium garnet (sGGG) substrate. Knowledge of the optical and magneto-
optical functions of the materials is essential for structure modeling and further analysis of the
experimental data. Despite the fact that the optical and the MO response of such a structure
has been under deep theoretical [12–14] and experimental study [15–18] a direct comparison
between a fitted model of the real structure and experimental data has not been presented yet.
It is the goal of this paper to present a model of the structure that takes into account fabrication
imperfections and that fits well to experimental optical and magneto-optical Mueller matrix
data. The optical response of the grating has been calculated using own developed software
that implements a fully vectorial anisotropic rigorous coupled wave algorithm (RCWA) [19].
In the end, such a successful fitting would not only validate the theoretical assumption about the
origin of the plasmonic enhancement of the TMOKE but would also demonstrate the validity
and the potential of the numerical tool. Moreover, the spectral characterization of the gyrotropy
and the permittivity of Bi:GIG is useful for the design of future nonreciprocal components.

The paper is organized as follows. In Section 2 a principle of surface plasmon genera-
tion in magnetoplasmonic grating is summarized. The experimental technique (Mueller matrix
ellipsometry), the sample composition, and the fabrication process of the grating are intro-
duced in Sec. 3. In Section 4 we present characterization of the optical functions of the sGGG
and Bi:GIG from transmission spectra and reflection Mueller matrix spectra. In Section 5 the
magneto-optical properties of the Bi:GIG layer are determined from the Mueller matrix spec-
tra measured in both transverse and longitudinal MO configurations. Finally, Section 6 deals
with the optical characterization of the gold grating geometry allowing for fabrication imper-
fections in the model fit. The obtained values for the grating parameters (and its fabrication
imperfections) were subsequently used together with the measured MO and optical functions
of the garnet layers to compare the measured and calculated MO response (Sec. 6.2).

2. Principle of magnetoplasmonics gratings

The transverse magneto-optic response of the plasmonic grating originates from enhancement
of TMOKE effect in MO Bi:GIG by SPP modes excited at the Au/Bi:GIG interface. The dis-
persion of the wavevector tangential component of the SPP resonances at a simple interface
between gold and Bi:GIG are described by the relation [20]:

kSP (E) =
2π
hc

E

√
εAu (E)εBi:GIG (E)

εAu (E)+ εBi:GIG (E)
, (1)

#215021 - $15.00 USD Received 1 Jul 2014; revised 30 Jul 2014; accepted 30 Jul 2014; published 22 Aug 2014
(C) 2014 OSA 1 September 2014 | Vol. 4,  No. 9 | DOI:10.1364/OME.4.001903 | OPTICAL MATERIALS EXPRESS  1906



where E is the photon energy and εAu (E), εBi:GIG (E) represent the permittivity of gold and
Bi:GIG, respectively. To achieve appropriate tangential component of the wavevector one can
usually use Kretschmann configuration with high-refractive index prism or a higher-order
diffraction mode in grating. In the 1D periodic structure the SPP is excited by the diffracted
wave:

kW (E) =±kSP (E)+m
2π
Λ

, with m ∈ Z, (2)

where kW denotes the wavevector of the SPP and m is the order of diffracted wave. This SPP
excitation is historically known as a Wood plasmon, because it was observed close to Wood-
Rayleigh anomalies [21]. Note that surface plasmon resonances occurs only for p-polarization.
Spectral positions of the SPP peaks in magnetoplasmonic structure are shifted by the TMOKE
in the Bi:GIG [11–14]. Since the SPP resonance leads to field confinement at MO Bi:GIG/Au
interface the TMOKE effect is significantly enhanced.

3. Experimental technique and sample composition

3.1. Experimental setup and measured quantities

The spectroscopic Mueller matrix ellipsometer Woollam RC2-DI ( J.A. Woollam Co.) consist-
ing of dual rotating compensators was employed in a wide spectral range from 0.74 eV to 6.42
eV (wavelength region from 193 nm to 1.7 μm). The PCSCA (Polarizer-Compensator-Sample-
Compensator-Analyzer) configuration was used. Figure 1 shows the ellipsometric configura-
tion, the orientation of coordinate system, and in-plane magnetization components schemati-
cally.

sample

light source

polarizer analyzer

rotating

compensators

detector

ϕ0x

y
z MTML

Fig. 1. Dual-rotating compensator ellipsometer configuration and orientation of external
in-plane magnetization components are shown schematically.

The interaction of the light beam with a general (anisotropic, depolarizing) sample is de-
scribed with a full 4×4 Mueller matrix [22]. In the case of an isotropic structure, the normalized
reflection Mueller matrix is given in the block-diagonal form:

M =

⎡
⎢⎢⎣

1 −N 0 0
−N 1 0 0

0 0 C −S
0 0 S C

⎤
⎥⎥⎦ . (3)

The Mueller matrix (3) is normalized with respect to the element M11, which describes total
reflection intensity for completely unpolarized light. In case of system without depolarization
the elements N,C, and S are related to the classical ellipsometric angles ψ and Δ:

N = cos2ψ, C = sin2ψ sinΔ, S = sin2ψ cosΔ, (4)
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where ellipsometric angles ψ and Δ are defined by the ration of complex reflection coefficients:

rpp/rss = tanψ exp(iΔ). (5)

For a precise determination of the dielectric function of the sGGG substrate we have com-
bined the spectroscopic data from reflection ellipsometry and transmission spectroscopy. In-
cluding also the transmission data gives us additional information about absorption and posi-
tion of a possible band-gap. For characterization of the optical function of the Bi:GIG layer
we have used micro focusing probes with a focal length of 27 mm to reduce the spot size to
approximately 150 μm. Using a focused beam allows to reduce the influence of the thickness
inhomogeneity of the sample in the area of the beam spot. Moreover the effect of back-side
refection in the thick sGGG substrate was eliminated as well.

3.2. Substrate description and fabrication

Single crystal films of Bi-substituted iron garnets were grown by Liquid Phase Epitaxial (LPE)
procedures onto doped sGGG (111) oriented substrates. The exact composition of the sGGG
substrate is Gd2.7Ca0.3Ga4.1Mg0.3Zr0.6O12 . For magneto-optical devices, both the optical figure
of merit and the magnetic properties such as magnetization and anisotropy must be controlled.
We prepare rare earth (RE) substituted films by combination of Gd, Pr, Lu on CaMgZr-GGG
substrates with large lattice parameter (aS = 12.498 Å) in order to incorporate a large content of
Bi and thus induce a large Faraday rotation. Low in-plane anisotropy is necessary to obtain an
easy switching of the magnetization. By the electron micro probe analysis (EPMA) the chemi-
cal composition of the Bi:GIG was determined as: Gd1.24Pr0.48Bi1.01Lu0.27Fe4.38Al0.6O12· The
role of each ion is the following: substituted-gadolinium garnet has been selected since large
Bi content can be introduced in such a host [23–25]. Praseodymium ions have high contribu-
tion to the Faraday rotation but their main contribution remains the reduction of the anisotropy
constant [26]. A similar result can be obtained with Nd3+ ions. The saturation magnetization
is reduced to the selected value by the substitution of Fe3+ by non-magnetic ions. The best
choice is obtained with Al3+ ions with a smaller content compared to Ga3+ in order to match
the lattice parameters of the film and substrate. A perfect surface with a low roughness is ob-
tained with this substituted garnet grown at a low ΔT , where ΔT = Ts −Tg is the supercooling
temperature, Ts is the saturation temperature and Tg a growth temperature. For good surface
quality films, a low Tg and generally low growth rates are common features of all melts for
incorporation of larger Bi content.

3.3. Magnetoplasmonic grating fabrication

The gold grating structure was fabricated by Au evaporation on a mask written by e-beam
lithography in the positive poly-methyl metacrylate (PMMA) resist. The spin-coated PMMA
resist has been baked for 10 min at 180◦ C. Instead of conducting resist a 5 nm thick layer of ger-
manium was used. 300×300μm rectangular patch of 1D grating was written by electron beam
lithography with the exposure dose 1040 μC/cm2. The period of the grating was kept fixed at
Λ = 500 nm. After e-beam writing, the germanium layer was removed by a 1:1 solution of
H2O2/H2O for 1 min. In the next step the sample was developed in MIBK/IPA (methyl isobutyl
ketone/isopropyl alcohol) in ratio 1:2, for 1 minute. Finally, the Au layer with a thickness of
approximately 100nm has been evaporated on the developed resist and the grating structure was
obtained by lift-off in an ultrasonic bath of SVC14 remover for 1 hour.

4. Optical functions of sGGG substrate and Bi:GIG layer

The first step in obtaining a successful fitting of the magneto-optic response of a nanostructured
(magneto-)optical system to a structural model, is a precise determination of the material dis-
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persion of the composing materials. The optical functions (i.e. the diagonal permittivity tensor
components) of the sGGG substrate and the Bi:GIG layer are determined using a combination
of Mueller matrix ellipsometry and transmission spectroscopy. The critical step involved in fit-
ting spectroscopic ellipsometric data to a given structural model is the proper parametrization
of the dispersion of the unknown optical functions. We have used a Kramers-Krönig (KK) con-
sistent Tauc-Lorentz (TL) model and its extension with an Urbach tail (TLU). The imaginary
part of the complex dielectric function ε = ε1 − iε2 is defined:

ε2(E) =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

1
E

AE0C(E −Eg)
2

(E2 −E2
0 )

2 +C2E2
E ≥ Ec

Au

E
exp

(
E
Eu

)
0 ≤ E ≤ Ec

, (6)

where the first term (E ≥ Ec) is identical with Tauc-Lorentz function [27] and the second term
(0 ≤ E ≤ Ec) represents the exponential Urbach tail. Parameters Eg, A, E0, and C denote the
band gap energy, the amplitude, the Lorentz resonant frequency, and the broadening parameter,
respectively. Parameters Au and Eu are chosen with respect to continuity of first derivatives. The
real part ε1 of the dielectric function is obtained using analytical integration of KK relations.
For more details of derivation of the TLU model see [28]. To fit the spectroscopic data of
sGGG and Bi:GIG the combination of the TL and TLU model were used to describe shape of
absorptions near the band gap. The advantage of the TLU model is, that it is parametrized by
five parameters instead of seven as the (common) Cody-Lorentz model [29].

In our article, the the Bruggeman effective medium approximation (BEMA) of the mixture
of hosting material (ε) with void was used to simulate surface roughness as a thin layer with
effective permittivity εeff defined [30, 31]:

0 = (1− f )
ε − εeff

ε +2εeff
+ f

1− εeff

1+2εeff
, (7)

where f is the volume fraction.
The measured data were fitted using a Levenberg-Marquardt least square algorithm. The

Poincaré sphere representation of the difference between experimental and model data were
used in the analysis [32]. The optical response has been calculated using own developed soft-
ware that implements a fully vectorial anisotropic rigorous coupled wave method (RCWA) [19].
For 1D periodic structures the code uses S-matrix formalism [33] and better convergence is
achieved by factorization of Fourier series expansion [34].

4.1. Ellipsometric and transmission spectra on sGGG substrate

Figure 2 shows experimental data obtained on a 0.5 mm thick sGGG planar substrate. For
these measurements a collimated beam instead of a focused beam has been used. This is more
suitable for the detection of fine spectral features in the absorption of the bulk substrate. Both
sides of the substrate have been polished, therefore incoherent reflections from the back-side of
the substrate have been included in the model. Ellipsometric data [obtained using Eq. (3)] were
measured at an incidence angle of ϕ0 = 45◦, while the transmission was measured at normal
incidence. Surface roughness from both sides of the substrate was represented by a thin film
with thickness to be fitted and a permittivity given by the BEMA [Eq. (7)] with a fixed volume
fraction f = 0.5 (mixture of both media in ratio 50 %–50 %). The optical functions of the sGGG
were parametrized using two Tauc-Lorentz absorptions [35] with the same band-gap energy Eg

extended by Urbach absorption tail [Eq. (6)] and one damped harmonic oscillator (DHO) as
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Fig. 2. Measured spectra (dots) of ellipsometric angles ψ (top left), Δ (bottom left) and
transmittance (right subplot) are compared with the model (lines).

follows:
εsGGG = εTL + εTLU + εDHO, (8)

where εTL and εTLU are contributions from TL and TLU functions with common band gap
energy and εDHO is the damped harmonic oscillator defined :

εDHO(E) =
AE2

0

E2
0 −E2 + iCE

, (9)

where A is the amplitude, E0 is the central energy, and C is the damping parameter.
The best fit parameters are summarized in Table 1 and the modeled ellipsometric and trans-

mission spectra are presented by solid lines in Fig. 2. Figure 3 shows resulting dielectric func-
tions of the sGGG substrate. Note that the even small contribution of the DHO at 4.49eV is
visible in ellipsometric and transmission spectra due to long propagation length in transparent
material. Precise knowledge of the substrate optical functions is crucial for precise character-
ization of the MO Bi:GIG layer and the further data fit from the magnetoplasmonic grating
structure.

Table 1. Parameters of model of sGGG substrate

ε∞ Eg [eV] A E0 [eV] C [eV] Ec [eV]
TLU: 1.90 5.35 105.48 7.93 0.54 5.89
TL: 0 5.35 173.39 5.67 1.08

DHO: 2.52 ·10−6 4.49 0.0392

surf. roughness - BEMA: t = 2.89 nm f = 0.5

4.2. Ellipsometric spectra on Bi:GIG layer

Figure 4 shows the ellipsometric spectra (ϕ0 = 45◦) measured on an approximately 4μm thick
Bi:GIG layer, grown by LPE on a sGGG substrate as explained in Sec. 3.2. The observed strong
interference oscillations indicate the presence of an absorption gap close to 2.5 eV. Because of
these it is difficult to obtain a good fit to an analytical material model over the whole measured
spectrum. The optical functions of Bi:GIG were therefore determined in a two-step procedure.
In the first step, only the data in the range below 2.5 eV were fitted to a model describing the
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Fig. 3. Optical functions of sGGG substrate. The real part ℜ{ε11} and the imaginary part
ℑ{ε11} of the function is plotted using solid and dashed lines, respectively.
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Fig. 4. Measured ellipsometric angles of Bi:GIG layer on sGGG substrate (dots) are com-
pared with model (lines).Upper and lower subplot corresponds to ψ and Δ respectively.

dispersion of Bi:GIG using Tauc-Lorentz-Urbach parametrization. Again surface roughness at
the top of the epitaxial Bi:GIG layer and a possible intermixing layer at the Bi:GIG/sGGG in-
terface were included and described using BEMA with a volume fraction f = 0.5 (mixture of
both media in ratio 50%–50%) (7). Using a focused beam, the sGGG substrate could be con-
sidered as a semi-infinite substrate with a permittivity as determined in Sec. 4.1. The thickness
of the Bi:GIG layer was fitted. The focusing probes introduce a certain angular spread on the
incidence angle. In the transparent region this can have a profound impact on the spectral po-
sition and the finesse of the interference fringes. This spread ϕs was therefore also considered
as a fitting parameter. Table 2 shows the best fit parameters for this TLU model of the Bi:GIG
film (below 2.5eV). In the second step, the permittivity of Bi:GIG in the absorbing spectral
range was calculated by a point-by-point fitting procedure using the surface roughness and the
thickness obtained in the first step. Figure 5 shows total dielectric functions of Bi:GIG layer in
the whole spectral range.
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Table 2. Parameters of model of Bi:GIG layer on sGGG substrate, 0.74 - 2.5 eV.

ε∞ Eg [eV] A E0 [eV] C Ec [eV]
TLU: 3.39 0.21 8.62 3.64 0.48 3.39

surf. roughness - BEMA: t = 2.89 nm f = 0.5
Bi:GIG thickness: t = 3988.4 nm
sGGG/Bi:GIG intermix - BEMA: t = 3.94 nm f = 0.5
angular spread: ϕs = 1.70◦
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Fig. 5. Optical function of Bi:GIG layer. The real part ℜ{ε11} and the imaginary part
ℑ{ε11} of the function is plotted using solid and dashed lines, respectively.

5. Magnetooptical properties of Bi:GIG in transverse and longitudinal MO configura-
tion

Knowledge of the Bi:GIG gyrotropy, g = εyz (if the garnet is magnetized along the
+x−direction) is crucial for the design and characterization of the magnetoplasmonic grating
described 6.2. To be able to characterize the MO properties of the Bi:GIG film, the Mueller ma-
trix ellipsometer was extended with an in-plane magnet circuit consisting of a permanent mag-
net mounted on a rotary stage. This was driven by a computer-controlled servomotor, which
made the experiment repeatable with high accuracy. The permanent magnet delivered a suf-
ficiently uniform 300 Oe in a volume enclosing the sample holder, 20 mm spacing between
magnet poles. This is largely sufficient for in-plane magnetic saturation of the Bi:GIG [36–39],
as testified by the M −H hysteresis loop of Faraday effect measured in transmission through
the sample with in-plane external magnetic field and the angle of incidence of 45◦ shown in
Fig. 6. This underlines also the planar magnetic anisotropy and the softness of the elaborated
garnet material (Hc = 0.5 Oe). Figure shows, that magnetic field of 300 Oe used in our MO
analysis is height-enough for in-plane magnetic saturation.

Because the thickness of the Bi:GIG layer is not perfectly uniform and because the MO char-
acterization was performed with focusing probes in different area of the sample, the thickness
of the Bi:GIG layer was re-fited from optical measurement performed as the first step. The new
obtained thickness of Bi:GIG layer measured with focusing optics was 3973.6 nm. This is close
to the previously fitted thickness 3988.4 nm measured with collimated beam. This step was nec-
essary to perform, otherwise even a small difference between interference peaks in calculation
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Fig. 6. Hysteresis loop of Faraday effect measured in transmission through the sample for
in-plane external magnetic field and the angle of incidence of 45◦.
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Fig. 7. Measured differences of the Mueller matrix components obtained from MO
measurements in transverse MO configuration (blue dots) are compared with the model
(red lines). Reduced number of spectral points is shown in order to distinct the measured
data from model.
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Fig. 8. Measured differences of the Mueller matrix components obtained from MO
measurements in longitudinal MO configuration (blue dots) are compared with the model
(red lines). Reduced number of spectral points is shown in order to distinct the measured
data from model.

and measurement would introduce oscillations into fitted off-diagonal optical functions. In the
model we have used the optical functions of Bi:GIG and sGGG determined in Sec. 4 . In the
second step the in-plane magnet was installed and the magnetization was applied both in the
transverse (Msat.

T ) and the longitudinal (Msat.
L ) MO configuration (see coordinate system on Fig.

1). After each spectrum measurement the orientation of the magnetization was reversed. Each
specific MO configuration (transverse or longitudinal, either “up” or “down”) was averaged
over five measurements in order to reduce random noise and increase measurement sensitiv-
ity. Subtraction of the averaged data for opposite magnetization then leads to the differential
Mueller matrices:

Mdiff.
x = M

(
+Msat.

x

)−M
(−Msat.

x

)
, x = T,L. (10)

In the next step, the gyrotropy of Bi:GIG was calculated by a point-by-point fitting procedure
from the transverse and longitudinal spectra of the difference Mueller matrices. Because the
crystalline structure of Bi:GIG is cubic, the MO parameters fitted from TMOKE ( Mdiff.

T ) and
LMOKE ( Mdiff.

L ) difference Mueller matrix spectra are equivalent [40,41]. In order to increase
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the quality of the fit the TMOKE and LMOKE data were used in the fitting procedure together.
Figure 7 shows comparison of the measured and calculated TMOKE difference data. The

TMOKE affects only p-reflectivity and does not lead to a polarization conversion.Therefore
the differential Mueller matrices must be block-diagonal Mdiff.

T , since these elements contain
only the signature of the diagonal Fresnel coefficients, rss, and rpp (Fig. 7). On the other
hand, the LMOKE response is detected only in off-diagonal blocks, namely the components
M13,M14,M23,M24,M31,M32,M41, and M42. This corresponds to conversion between s- and p-
polarized light. The block-diagonal elements are zero up to first order due to the substraction
of the isotropic part of the LMOKE reflection.

Figure 9 shows the obtained off-diagonal permittivity tensor component. The microscopic
origin of the off-diagonal permittivity functions is well discussed in the paper of Wittekoek et.
al. [39]. In our data shown on Fig. 9, the main MO activity is connected with peaks at 2.7 eV
and 3.2 eV. The peak at 2.7 eV corresponds to the second type of transition (so called param-
agnetic). The paramagnetic peak is over-beaten by the first type of transition (diamagnetic) at
3.2 eV {Chap. 2. in [42]}. The obtained spectral function of MO activity by the Mueller ma-
trix ellipsometry is in very good agreement with results obtained for fully bismuth substituted
(x = 1) BIG presented by Wittekoek [39] and with data presented in other papers [38,43,44]. It
should also be noted that the observed spectral behavior of the gyrotropy is in agreement with
the dielectric loss spectrum observed on the imaginary part of Fig. 5. Indeed, hermiticity of the
ε−tensor requires the real part of the off-diagonal permittivity elements to be zero as long as
the material is transparent. In accordance with the band gap observed in Fig. 9 at around 2.5eV,
the real part of off-diagonal permittivity is seen to be negligible below this photon energy.
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Fig. 9. Fitted spectral dependence of off-diagonal tensor component from ellipsometric
measurement of Bi:GIG in transverse and longitudinal MO configuration.

6. Experimental results on magnetoplasmonic grating

With the above precise determination of the dispersion of the full permittivity tensor of both the
garnet substrate and the thin film MO Bi-substituted garnet, the TMOKE response of the mag-
netoplasmonic grating can be analyzed. As explained its enhancement is expected to be linked
to the spectral position of the different types of resonances (Fabry-Perot and Surface Plasmon)
in the gold-on-garnet grating structure. Since these are highly dependent on the geometrical
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parameters of the grating, it is important to verify in a first instance whether the observed reso-
nances fit to the expected grating geometry.

6.1. Optical characterization of the fabricated sample

t1t2
t3

t4

Au

50% Au/void PMMA

MO layer, Bi:GIG

substrate, sGGG

Λ r

Fig. 10. Cross-section of the grating structure is shown schematically. By the fitting pro-
cedure geometrical parameters t1-t4, Λ, and r were estimated. Surface roughness gold/void
and mixture of gold/PMMA were calculated as the BEMA layer with volume fraction
f = 0.5.

For that purpose Fig. 10 shows the schematic representation of the grating structure indicat-
ing the chosen geometrical fitting parameters, thereby also allowing for fabrication imperfec-
tions. The following parameters are considered for fitting: the thickness of layer representing
surface roughness t1, the thickness of the gold grating 1

2 t1 + t2 + t3, the thickness of the re-
maining polymethyl methacrylate (PMMA) resist inside the grating t3, the thickness of the MO
Bi:GIG layer t4, the period Λ, and the opening of the grating r. Thickness of the layer rep-
resenting surface roughness was simulated as BEMA with the fixed volume-fraction f = 0.5.
Assumption of one half of the thickness of the surface roughness layer comes from the fixed
volume fraction. Moreover, the angle of incidence ϕ0 and the angular spread of the focused
beam ϕs were fitted as well. Fitting of the angular spread of the focused beam was essential
in the numerical analysis [45]. The divergence of the beam was modeled as a weighted sum
over the incidence angle spread with expected Gaussian profile of the intensity distribution. In
other worlds, the measured signal is incoherent sum of spectra obtained for all incident angles
around beam divergence. This allows us to simulate reduced amplitudes of interferences of par-
tially transmitted light in the spectral regions from approximately 630 nm to 780 nm and from
1.2 μm to 1.5 μm. The similar effect of incident angle spread appears for the main peak at
λ = 885 nm. In addition a good agreement between the measured and modeled Mueller matrix
components gives also proper description of the depolarization phenomena (upper-left subplot
in Fig. 11).

Optical constants of the gold used in the model were estimated from ellipsometric measure-
ments of a reference gold sample and are in good agreement with data from Johnson and
Christy [46]. The dispersion of PMMA resist was taken from [47]. For the fitting of the ge-
ometrical parameters it suffices to perform only optical characterization (thus without applied
magnetic field). Only after having precisely determined the fitting parameters, the TMOKE
spectra will be measured. Figure 11 shows the best-fit of the Mueller matrix data measured on
the fabricated grating. The optical data were measured in configuration where the plane of in-
cidence is perpendicular to the lamelas of the grating. Therefore no s-p polarization conversion
should occur and a block-diagonal arrangement of the Mueller matrix components is expected
and effectively obtained. We can conclude that a possible misalignment between the grating
and plane of incidence was below the sensitivity threshold of the experimental system. The first
subplot compares the calculated and measured depolarization. Table 3 summarizes parameters
of the model, fitted parameters are emphasized as bold symbols.
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Table 3. Fitted parameters of the model shown on Fig. 10.

ϕ0 = 44.33◦ ϕs = 2.91◦
Λ = 502.6 nm r = 78.68 nm
t1 = 13.55 nm t2 = 68.16 nm
t3 = 23.8 nm t4 = 3988.4 nm

0

10

20

−0.8

−0.6

−0.4

−0.2

0

−0.4

−0.2

0

0.2

0.4

−0.4

−0.2

0

0.2

0.4

−0.8

−0.6

−0.4

−0.2

0

0.9

1

1.1

−0.4

−0.2

0

0.2

0.4

−0.4

−0.2

0

0.2

0.4

−0.4

−0.2

0

0.2

0.4

−0.4

−0.2

0

0.2

0.4

−1

−0.5

0

0

0.5

1

500 1000 1500
−0.4

−0.2

0

0.2

0.4

500 1000 1500
−0.4

−0.2

0

0.2

0.4

500 1000 1500
−1

−0.5

0

500 1000 1500

−1

−0.5

0

Mueller matrix spectra

Depolarization M12 M13 M14

M21 M22 M23 M24

M31 M32 M33 M34

M41 M42 M43 M44

Wavelength [nm]

Fig. 11. Best fit of the Mueller matrix spectra measured on the plasmonic grating. Experi-
mental data a(blue dots) are compared with numerical model (red lines). First subplot (top-
left) shows good agreement between measured and calculated depolarization. A reduced
number of spectral points is shown in order to distinct the measured data from model.

When using a focused beam, the angle of incidence is not exactly defined, therefore it was
fitted as well. The obtained value ϕ0 = 44.14◦ is close to the angle of 45◦ set on the instrument
(the difference is due to slight misalignment of the focusing optics). The nominal parameters
of the sample was: the grating period Λ = 500 nm, the grating thickness t1 = 100 nm, the
width of air-gap r = 63 nm, and the thickness of the Bi:GIG t4 = 3988.4 nm (from Tab. 2).
The nominal width of the air-gap r was estimated from scanning electron microscopy (SEM)
observation. Parameters obtained from the fit are in good agreement with nominal parameters
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from fabrication process of the sample. Note, that in our parametrization of the model the
total thickness of the grating is given as 1

2 t1 + t2 + t3 =98.74 nm, the thickness of the surface
roughness t1 was taken as a half of fitted value with respect to the volume fraction f = 0.5.
Difference between the width of the air-gap r obtained from SEM (rSEM = 63 nm) and from the
best-fit (rfit = 78.68 nm) comes from the fact, that the r estimated from SEM is a local value,
but the value from the best-fit is obtained as a total response of the sample.

6.2. Analysis of the transverse magneto-optical response

Having confirmed the presence of the resonances in the fabricated magnetoplasmonic grating
and successfully fitted realistic fabrication parameters to the measured Mueller spectra, the
final step is to verify whether the TMOKE response of the structure is indeed enhanced as
predicted [14]. For positive (+Msat.

T ) and negative (−Msat.
T ) orientations of the magnetic field

two sets of 5 Mueller matrix spectra were measured and averaged in order to reduce noise.
Since the experimental data on Fig. 11 clearly show block-diagonal shape [see Eq. (3)], we can
directly calculate relative reflectivity Rp/Rs from Mueller matrix (3):

Rp

Rs
=

M11 +M12

M11 −M12
=

1− M12
M11

1+ M12
M11

=
1+N
1−N

(11)

Figure 12 shows comparison between experimental ellipsometric data and model. Numerical
data were calculated assuming the structure shown in Fig. 10 using the fitted parameters of
Tab. 3. The left subplot shows very good matching between the relative reflectivity Rp/Rs =
1 +N/1 −N calculated from experimental data (blue dots) and from numerical simulation
(solid red lines). Moreover, calculated green line with the s-reflectivity Rs is expected to be
quasi “featureless” while the p-reflectivity Rp should contain pronounced reflection dips linked
to SPP excitations. The relative reflectivity Rp/Rs (which follows directly from the Mueller
elements M12) should therefore contain the signatures of the Fano resonances connected to the
SPP excitations (and possibly also a Lorentzian FP slit resonance). The main surface plasmon
polariton (SPP) peak at the wavelength λ = 885 nm is indeed observed and nicely fitted by the
numerical model. Quite reasonable agreement was obtained in the region between 1.2 μm and
1.5 μm where the amplitude of interferences is reduced by the beam divergence.

The TMOKE response of the considered magnetoplasmonic structure can be experimentally
easily characterized in an ellipsometric setup by measuring the absolute change of the relative
reflectivity upon reversal of the external magnetic field [14]. This is obviously due to the fact
that in transverse configuration the s-reflectivity will be unaffected by magnetization reversal:

δ
Rp

Rs
=

Rp

Rs

(
+Msat.

T

)− Rp

Rs

(−Msat.
T

)
(12)

The right subplot of Fig. 12 shows comparison of the TMOKE response, Eq. (12). The MO
response was calculated using the MO parameters of Bi:GIG estimated in Sec. 5 (Fig. 9). It
can be clearly seen how TMOKE at first order gold/garnet SPP wavelength of 885 nm is reso-
nantly enhanced. Moreover, other peaks are observed at the wavelengths 611 nm, 791 nm, and
1498 nm. The peaks at wavelength of 1498 nm, 885 nm, 791 nm, and 611 nm correspond to the
excitation of the SPP by +1st, −1st, −2nd, and +2nd diffracted orders, respectively. The order
of SPP mode is defined by m =±1,±2 in 2.

It is striking how well the model reproduces over a very large spectral range both the relative
reflectivity from Mueller matrix Rp/Rs and its difference δRp/Rs. This once more underlines
the accuracy of the described fitting procedure and the importance of taking into account all
the described fabrication imperfections and measurement deviations such as angular spread.
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Moreover this successful large scale fitting proves the correctness of the model used to design
the magnetoplasmonic enhanced TMOKE grating. In future work it will be demonstrated how
this model has been advantageously employed to demonstrate artificially engineering of the
strength and the sign of the garnet’s MO effect.
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Fig. 12. Numerical and experimental data are compared. Left subplot shows good agree-
ment of a calculated relative reflectivity with a model. Right subplot shows agreement
between measured and calculated MO effect δRp/Rs = Rp/Rs(+Msat

T )−Rp/Rs(−Msat
T ).

7. Conclusions

In this paper we have demonstrated how Mueller matrix ellipsometry (extended with an in-plane
magnetic circuit) combined with precise fitting can be used to analyze optical and magneto-
optical spectra with sharp resonant features. The predicted enhancement of TMOKE near the
SPP resonances of a gold-on-garnet grating have been perfectly fitted over a large spectral
range by first determining the permittivity and gyrotropy dispersion of the constitutive garnet
materials (sGGG and Bi:GIG) in the structure, and, most importantly, by taking into account
a number of possible fabrication imperfections. Fitting of the experimental angular spread of
the incidence Gaussian beam also contributed to this and allowed to explain the presence of
interference fringes in the Mueller spectra. The described technique is a generic tool that can
be used to study magneto-optic structures in many different configurations or geometries. This
will be useful for the study of magnetoplasmonic structures providing enhancement of the MO
effects due to interaction between resonant modes in the structure [14].
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