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Giant enhancement of the transverse magneto-optical Kerr effect through the coupling
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We demonstrate a concept for the giant enhancement of the transverse magneto-optical Kerr effect (TMOKE),
with amplitudes reaching the maximum theoretical values of ±1. The concept exploits the strong electromagnetic
field localization in ε-near-zero metamaterials to excite surface plasmon resonances with no need of a prism or
grating coupler, thus opening routes for magneto-optical devices amenable to miniaturization. A demonstration
of the capability of the enhancement mechanism is presented in which giant TMOKE values can be used for
sensing and biosensing.
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I. INTRODUCTION

The proper control of Kerr and Faraday magneto-optical
(MO) effects [1–12] is essential for magnetic storage, biosens-
ing, and optical isolation devices [13–17], in addition to
ultrafast control of magnetization via light in magnetic storage
systems requiring high operation rates [18–20]. The transverse
magneto-optical Kerr effect (TMOKE), in particular, has
been useful for biosensing [15,17], optical filtering [16],
and magnetization monitoring in magnetic samples [13,14].
TMOKE is typically of the order of 10−3 in conventional
ferromagnetic materials [21], but it can be increased con-
siderably by exploiting nanometer-sized structures [1–6]. In
principle, this enhancement can be obtained through excitation
of surface plasmon polaritons (SPPs) in the conventional
Kretschmann geometry, but this would be rather difficult [22]
because the refractive index of the prism must be larger than
the refractive index of the dielectric background. Moreover,
miniaturization is impaired owing to the requirement of a
prism for SPP excitation. Although grating coupler platforms
[6] allow for miniaturization, we should note that surface
plasmon resonance (SPR) excitation depends on the diffraction
order, ridge geometry, and the period length of the system,
which requires a complex design. The excitation of SPP
resonances without a prism or grating coupler has been
achieved experimentally [23] by controlling light absorption
in nanostructured indium tin oxide (ITO) films operating in the
ε-near-zero (ENZ) frequency regime [24–26]. Such excitation
was reached through the coupling of the perfect absorbing
ENZ mode [27] at the ENZ slab with the allowed SPP mode
at the ENZ/metal interface for p-polarized incident light.

In this work, we demonstrate theoretically that the direct
coupling to SPP can be further exploited as a concept to obtain
a giant enhancement of TMOKE, with amplitudes reaching
the maximum theoretical values of ±1. The concept is based
on the use of a MO ENZ structure for magnetic modulation
of SPP resonances while simultaneously maintaining a high
level of absorbance. We show that it is possible to obtain
the giant enhancement of TMOKE by using a hypothetical
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MO ENZ slab grown over a gold substrate. The vanishing
behavior in the dielectric permittivity of the hypothetical slab,
responsible for the giant enhancement of TMOKE, is carefully
selected to occur at the near-infrared region. This choice was
made because we propose later on in this paper a feasible
structure with an ITO slab as the ENZ material that can show
this effect experimentally. ITO films can be built [28–30] with
thicknesses ranging from ∼4 to ∼600 nm to have electron
densities in between that of noble metals (1022 cm−3) and
doped semiconductors (1019 cm−3). Also, significant tuning of
the electron density of ITO films can be made with electrical or
optical methods [31], allowing its use in near-infrared optical
modulators and sensing devices [32,33].

TMOKE is a magneto-optical intensity effect, only
observable when obliquely incident p-polarized light
impinges on a system magnetized perpendicular to the
incidence plane. It is characterized by the relative change in
the reflected light amplitude when the magnetization of the
system or an external magnetic field, M, is reversed [21]:

TMOKE = Rpp(+M) − Rpp(−M)

Rpp(+M) + Rpp(−M)
, (1)

where Rpp(+M) and Rpp(−M) denote the reflectivity for
magnetization along the êy and −êy directions, respectively.
Numerical results for TMOKE and Rpp are obtained by using
the scattering matrix method [34–37] (SMM), with excellent
agreement with experimental results in periodically patterned
[36] and Kretschmann-configuration [37] MO multilayer
systems.

II. THEORETICAL FRAMEWORK

Let us first discuss the case of a hypothetical MO ENZ slab
with thickness l and dielectric permittivity tensor given by

εxx = εyy = ε‖ = 5.53 − ν2
p

ν2 + iγ0ν
, (2)

εzz = ε⊥ = 53.0ν2 + 53.0iγ0ν − 13.25ν2
p

13.84ν2 + 13.84iγ0ν − 1.25ν2
p

, (3)

εxz = −εzx = 0.012i, (4)
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where νp = 0.477 PHz and γ0 = 4.775 × 10−3 PHz, with
subindices ‖ and ⊥ indicating components parallel and normal
to the xy plane. The incidence plane is the xz plane, and
the magnetization of the MO ENZ slab is considered normal
to the growth direction, z axis, and parallel to the y axis.
Around the frequency ν⊥ = 0.2385 PHz, ε⊥ ≈ 0, since at
this frequency there is a transition from negative to positive
values for the real part of permittivity, i.e., Re{ε⊥(ν⊥)} = 0.
The parameters in Eqs. (2)–(4) were chosen as realistic values
for existing materials, as will be discussed later on. In this
manuscript, we use a fixed working wavelength at the near
infrared corresponding to λ0 = 1250 nm.

For simplicity, in the analytical treatment, we define
η̂ = ε̂−1. Thus,

η̂ =
⎛⎝ηxx 0 ηxz

0 ηyy 0
ηzx 0 ηzz

⎞⎠, (5)

with

η̂ = (
ε||ε⊥ + ε2

xz

)−1

⎛⎝ε⊥ 0 −εxz

0
(
ε||ε⊥ + ε2

xz

)/
ε|| 0

εxz 0 ε||

⎞⎠, (6)

from which we calculate the eigenvector corresponding to
p-polarized incident light, with ω = 2πν, as

qp =
√

ω2

c2

1

ηxx

− k2
x

ηzz

ηxx

. (7)

For the incident medium or gold substrate, we use

qi =
√

ω2

c2
1
ηi

− k2
x , with i being 0 or Au, respectively. From

now on, we use qENZ = qp for simplicity in discussing the
results. The conditions for the excitation of perfectly absorbing
(PA) ENZ modes and SPP resonances, for the system in
Fig. 1, can be obtained from SMM for anisotropic media
[35,36] as

e2iqENZd = (q0η0 − qENZηxx + kxηxz)(qAuηAu + qENZηxx + kxηxz)

(q0η0 + qENZηxx + kxηxz)(qAuηAu − qENZηxx + kxηxz)
(8)

and

tan(qENZd) = −iqENZ(q0η0 + qAuηAu)ηxx

qAuq0η0ηAu + (q0η0 − qAuηAu)kxηxz + (qENZηxx)2 − (kxηxz)2 , (9)

respectively, where q0, qAu, and qENZ correspond to the wave
vectors in air, gold, and ENZ slab. kENZ and kSPP are obtained
by solving kx from the above equations for each case.

III. RESULTS AND DISCUSSION

Figure 1 depicts the system under study with its permittivity
(ε) and reflectivity (Rpp) as functions of the frequency and an-
gle of incidence, θ , around the ENZ region. The corresponding
dispersion relations Re{kENZ}, k0 = ω/c, and Re{kSPP} are also
plotted. The absorbance is usually defined as A = 1 − R − T ,
where R and T correspond to the reflectance and transmittance,
respectively. In the present case, the absorbance becomes
A = 1 − R as the ENZ slab is backed by a metallic substrate,
thus yielding an effectively zero transmittance. A range of θ

values with negligible reflectance, i.e., very high absorbance,
is observed in Fig. 1(c) within the ENZ region. Such behavior
can be explained in terms of the strong electromagnetic field
localization due to the excitation of the ENZ mode in the ENZ
slab [24–26]. According to the dispersion relations in Fig. 1(d),
SPP modes can be directly excited by the incident light without
a prism or grating coupler [23].

Figure 2(a) shows that giant TMOKE values can only be
obtained when PA ENZ modes are very close to or match
the SPP resonances, i.e., when a coupling of ENZ-SPP modes
occurs. Strongly enhanced TMOKE values appear only when
strong absorption is linked to the excitation of SPP resonances,
as indicated in Figs. 3(a)–3(d). It is significant that reflectance
values of the order of 10−4 have been measured in related
experiments [38], but measuring lower values as obtained in
our work may be challenging. The coupling of ENZ modes

to other types of modes has been demonstrated; for example,
the strong optical coupling in an ENZ material-semiconductor
hybrid structure is suitable for a highly tunable integrated
device [39]. For small thicknesses, TMOKE can have a
preferential sign, while for larger values, it has the usual
Fano-like resonance shape, as seen in Fig. 2(b).

An experimentally feasible system to observe giant
TMOKE values due to coupling of PA ENZ with SPP
modes is depicted in Fig. 4(a). The platform is designed
as a trilayer arrangement of ITO/BIG-YIG/SiO2 grown over
a gold substrate, which can be developed with available
experimental techniques [40,41]. In this platform, the ITO
slab is responsible for the ENZ behavior, while the BIG:YIG
slab contributes with MO effects and SiO2 and Au serve as
the substrate. The ITO layer is described by an isotropic

permittivity εITO = ε∞ − ν2
p

ν2+iγ ν
, where γ = 0.03 PHz and

νp = 0.477 PHz denote the damping rate and plasma fre-
quency, respectively. We used ε∞ = 4, m∗ = 0.4me, and
N = 1.13 × 1021 cm−3 for the high-frequency permittivity,
effective mass, and carrier density, respectively, taken from
experimental values in Ref. [23]. Parameters for BIG-YIG
were taken from Refs. [7,12]. The TMOKE curves obtained
as a function of θ in Fig. 4(b) change significantly when the
refractive index (RI) of the incident medium is varied, which
occurs even for very small changes. Figure 4(c) shows that θ for
the maximum amplitude of TMOKE in Fig. 4(b) varies linearly
with the change in RI, with a slope S = −25◦/RIU. Since ITO
films may be functionalized with phosphonates [42], amines
[43], zirconium complexes [44], carboxylic acids and thiols
[45], DNA [46], and silanes [47], the results in Fig. 4 can be
exploited, for example, in designing novel sensing/biosensing
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FIG. 1. (a) Schematic representation of the system under study.
(b) Permittivities parallel and normal to the plane of magnetization for
the hypothetical ENZ slab. The inset shows a zoom of the permittivity
around their zero value. (c) Reflectance as a function of frequency and
incident angle θ , calculated by using the SMM. Horizontal dashed
lines are used to depict the ENZ region. Solid and dotted lines
correspond to the numerical solutions for perfect absorbing modes
(kENZ) and SPPs at the ENZ/gold interface (kSPP) in order to highlight
the regions where a matching of both modes can occur in this system.
(d) Numerical solutions for the real part of the wave vectors, along the
x axis, in air (k0) and SPPs at the ENZ/gold interface. The MO ENZ
slab thickness was taken as l = 0.09λ nm, where λ is the incident
wavelength.

platforms to detect or monitor very small RI changes in
the incident medium, with high precision. Significantly, the
S value is of the same order of magnitude as in a recent
Kretschmann-based SPR sensor for detecting glucose [48].
Figure 4(d) shows the TMOKE, from −0.1 to 0.1 (for visual
purposes), as a function of the incident medium dielectric
permittivity ε0 and incident angle θ from which a change of
sign is clearly observed. A qualitative interpretation of this sign
alternation can be given by considering the trilayer system as
just one effective medium (similar to the basic case shown in
Fig. 1) to calculate the corresponding SPR and ENZ modes
shown by the dashed and solid lines in Fig. 4(d), respectively.

FIG. 2. (a) TMOKE as a function of the angle of incidence and
thickness, l/λ0, of the MO ENZ slab for a working wavelength λ0 =
1250 nm. The dotted and dashed lines indicate the perfectly absorbing
(PA) ENZ and SPP modes, from Eqs. (8) and (9), respectively.
(b) TMOKE for three thicknesses of the effective MO ENZ slab.

FIG. 3. (a),(b) and (c),(d) show the absorption, TMOKE,
Rpp(+M), and Rpp(−M), for l/λ0 = 0.5 and l/λ0 = 0.6, respec-
tively. The dotted and solid lines in (a) and (c) correspond to the
absorption and TMOKE, respectively. High absorbances with low
TMOKE values are observed for l/λ0 = 0.5, in comparison with the
corresponding PA ENZ solution in Fig. 2(a) in the main text, while
giant TMOKE values are obtained at the intersection of PA ENZ and
SPP modes for l/λ0 = 0.6.

The TMOKE amplitude is again noted to be preferentially
positive/negative in the quasimatching of PA ENZ and SPP
modes, while an oscillatory behavior should be observed in
the matching condition. This actually further confirms that the
ENZ-SPP coupling is responsible for the enhanced TMOKE.
The effective medium approximation was made by considering

z

x y
50.2 nm ITO

BIG:YIG
SiO2
Au

15 nm
10 nm

M

(a) (b)

(c) (d)TM
OKE

SPP
ENZ
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FIG. 4. Pictorial view of the multilayer system on a gold
substrate. (b) TMOKE as a function of the incident angle for five
values of RI. Solid, dashed, dotted, dash-dotted, and dot-dotted lines
are for RI values of 1.000, 1.002, 1.004, 1.006, and 1.008, respectively.
(c) TMOKE peak position as a function of RI, showing a linear
behavior with slope S = −25 deg RIU−1. (d) TMOKE as a function
of the dielectric permittivity of the incident medium, ε0, and angle
of incidence. The dashed and dotted lines show the solutions for
SPP and ENZ modes when the system is considered as an effective
medium.
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(a) (b)

FIG. 5. (a) Electric Ez and (b) magnetic Hy fields along the
multilayer structure for light impinging with an incident angle
θ = 36◦. In (a), Ez is strongly localized at the ITO layer. The net
enhancement of TMOKE is caused by the strong interaction of the
localized electromagnetic field at the ENZ layer with adjacent MO
bismuth iron garnet:yttrium iron garnet (BIG:YIG) layer. Note also
the localization of Hy at the dielectric/metal interface in (b), thus
showing the excitation of SPP mode.

that the thickness of each layer satisfies the subwavelength
condition [49] dSiO2 ,dMO,dITO � λ0/10, where dSiO2 ,dMO,dITO

are the thicknesses of the SiO2, BIG:YIG, and ITO layers.
Thus, we have used [50–54]

ε‖ = fITOεITO + fMOεMO + fSiO2εSiO2 , (10)

ε⊥ = εITOεMOεSiO2

fSiO2εITOεMO + fMOεITOεSiO2 + fITOεMOεSiO2

, (11)

εxz = fMOεxz,MO, (12)

in Eqs. (6)–(9), where subindices ITO, MO, and SiO2 denote
the parameters corresponding to ITO, BIG-YIG, and SiO2

materials, respectively. The filling ratios of SiO2, BIG-YIG,
and ITO can be defined as fSiO2 = dSiO2

d
, fMO = dMO

d
, and

fITO = 1.0 − fSiO2 − fMO, with d being the total thickness of
the structure, d = dITO + dSiO2 + dMO. One should note that

Eqs. (2)–(4) were obtained by fixing all parameters according
to Fig. 4.

The mechanism responsible for the high sensitivity in the
architecture in Fig. 4(a) can be further supported by the
corresponding magnitudes for the electric and magnetic field
profiles, |Ez| and |Hy |, along the structure. Figure 5(a) shows a
localized electric field strongly enhanced in the ITO film, thus
leading to enhanced MO interactions with the adjacent BIG-
YIG layer. Strongly enhanced MO phenomena are produced,
while the magnetic field is enhanced at the dielectric/metal
interface, as seen in Fig. 5(b), thus corroborating the excitation
of a SPP resonance.

IV. CONCLUSIONS

In summary, we have shown that the coupling of perfectly
absorbing ENZ modes with SPP resonances in magnetopho-
tonic structures enhances TMOKE up to giant values. In
some cases, TMOKE could reach the maximum theoretical
amplitudes of ±1, to be compared with the typical 10−3 in con-
ventional ferromagnetic materials. The concepts introduced
open up the possibility for the design and development of
highly integrated nanometer-sized magnetoplasmonic devices.
By way of illustration, we described the case of a realistic
multilayer architecture that can be used as a sensing/biosensing
platform with proper functionalization.
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