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Uniaxial e-near-zero metamaterials for giant enhancement of the transverse
magneto-optical Kerr effect
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We demonstrate a giant enhancement of the transverse magneto-optical Kerr effect. In contrast to conventional
magnetoplasmonic structures, we exploit surface plasmon resonances (SPRs) excited along the surface of a
ferromagnetic substrate on which a uniaxial e-near-zero (ENZ) metamaterial is grown. In this design, bulky prism
couplers are not required and SPR sensors can be produced in integrated, miniaturized systems. We also obtained
the analytical expression for the ENZ-SPR phase-matching condition, which can be used for the straightforward

design of plasmonic and magnetoplasmonic devices.

DOI: 10.1103/PhysRevB.102.165304

I. INTRODUCTION

Magnetoplasmonics exploits strongly enhanced, highly
confined electromagnetic fields (at plasmonic interfaces) to
increase the magneto-optical (MO) activity of an adjacent MO
surface [1-6] which may enable ultrafast magnetic storage
[7-9], biosensing [10], optical filtering, and optical isola-
tion devices [11-13]. Unfortunately, the effective transfer of
these technologies from research laboratories to real-world
applications can be hampered in conventional mechanisms
for surface plasmon resonance (SPR) excitation. For instance,
the need for a prism coupler for SPR excitation in Otto
or Kretschmann configurations [14,15] precludes miniatur-
ization and the development of integrated, portable devices.
Integrable devices with giant enhancement of MO effects
have been proposed with e-near-zero (ENZ) materials, i.e.,
near-zero permittivity [16,17], but the fabrication of isotropic
semiconducting oxide materials (operating near their plasma
frequency) [18] can be costly and difficult to tune, being lim-
ited to the infrared (A > 1000 nm). This demand for tunable,
integrable magnetoplasmonic devices can be fulfilled with
nanofabricated artificial materials with unique, unusual physi-
cal properties [19-22]. These manmade materials, commonly
named metamaterials, can be divided into negative-refractive
(or left-handed) materials [23,24], electric-negative materi-
als [25], magnetic-negative materials [26,27], and hyperbolic
metamaterials (HMMs) [28-31]. HMMs are advantageous
compared to their counterparts in terms of fabrication and
wavelength tuning because they are uniaxial anisotropic meta-
materials in which one principal component of permittivity (¢)
has opposite sign to the other two [29]. The permittivity tensor
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for these HMMs can be written as
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where the components parallel and perpendicular to the
anisotropy axis are indicated by the subscripts || and L,
respectively. In analogy with semiconducting-based ENZ
metamaterials, i.e., working near the plasma frequency,
ENZ properties of HMMs have been investigated near the
frequency where the corresponding negative permittivity-
component changes its sign [28,31]. In general, there are
two different regimes of interest. The first one is the ENZ-
HMM, where the permittivity components are £, > 0, with
a negative-ENZ for g|. Second, ¢, > 0 with a positive-ENZ
for ¢|. In the latter case, the metamaterials are simply known
as uniaxial anisotropic ENZ metamaterials [28]. The corre-
sponding frequency for & &~ 0 can be easily tuned from the
visible to the infrared by controlling geometrical parameters
of the building components [28-31]. Although uniaxial ENZ
metamaterials have been studied for filtering, polarization
control, and imaging [28], their application for MO enhance-
ment and/or SPR excitation remains unexplored.

In this paper, we analytically and numerically demon-
strate that nanostructured uniaxial ENZ metamaterials over
MO surfaces are suitable for tunable, highly integrable mag-
netoplasmonic platforms. More specifically, we studied the
transverse MO Kerr effect (TMOKE) of a nanostructure built
as an uniaxial anisotropic ENZ slab grown on a ferromagnetic
substrate, as illustrated in Fig. 1(a). TMOKE is usually de-
fined as [32,33]

Rpp(+M) - Rpp(_M)
Rpp(+M) + Rpp(_M) '
where R, is the reflectivity for obliquely (6 # 0) incident

p-polarized light. The signs + in parentheses indicate that
the magnetization points along the +y axis, respectively. This

TMOKE =

@
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FIG. 1. (a) Pictorial description of an electromagnetic wave im-
pinging on a uniaxial metamaterial slab, of thickness d, grown on a
magneto-optical ferromagnetic substrate. The metamaterial is taken
as made of metallic Ag nanorods immersed in a dielectric Al,O;
host. (b) Real and imaginary components, parallel and perpendicular,
of the dielectric tensor of the metamaterial slab, as a function of the
filling factor f of the metallic nanorods, for a working wavelength of
873 nm. The inset shows a zoom of the real and imaginary parts of
e, for f =0.075.

effect is characterized by the relative change in the reflec-
tion amplitude of p-polarized light when the magnetization
is reversed along the y axis. In contrast to conventional ferro-
magnetic materials [32], where TMOKE is typically of the
order of 1073, we obtained amplitudes near 1.0 using our
design. It is worth mentioning that this structure exhibits re-
duced losses in comparison with their semiconducting-based
ENZ counterparts even for wavelengths in the visible [18].
Moreover, in contrast to previous proposals, the uniaxial ENZ
working wavelength can be tuned from the visible to the
infrared, enabling applications for integrated refractive index-
sensing applications with commercial lasers.

II. THEORETICAL FRAMEWORK

Uniaxial metamaterials can be built with periodic ar-
rangement of metallic nanowires embedded in a dielectric

J

(B = B) B2+ B3 — ka3 i) + € (B1 4 B2)(Ba — B3 + kumaxc)

membrane [28] or by multilayers alternating metallic and
dielectric films [30,31]. In both cases, the effective permit-
tivity can be described using the effective medium theory
[34]. In analogy to the experimental results in Ref. [28],
we considered the uniaxial metamaterial slab made as an
array of Ag nanowires with permittivity &,, embedded in an
Al,O3 with permittivity e, as depicted in Fig. 1(a). There-
fore, we obtained the components of the permittivity tensor in
Eq. (1) using

_enlente)d =)+ 2fee
2fen+ (e + )1 = f)
el =8h(1_f)+f8rs (4)

where f is the filling factor, i.e., the volume fraction of
metallic inclusions. Figure 1(b) shows the permittivity com-
ponents of the uniaxial metamaterial as a function of f, with
en =3.092 and &, = —37.88 + 0.49i, corresponding to the
working wavelength A = 873 nm.

The corresponding permittivity tensor for the MO substrate
is described by [33]

& 0 imy
&Moo = ( 0 e 0 ), 5)
—imy 0 e

; 3

where m = 1 indicates the corresponding orientation of M
along the y axis. Parameters in Eq. (5) are used as &g, =
—5.04 4 23.82i and ype = —1.52 —0.04i [35], and &c, =
—14.65 4 33.5i and yc, = 0.022 — 1.39i [36] for Fe and Co,
respectively. The uniaxial ENZ behavior was tuned to ¢, =
3.69067 4+ 0.00140304i and &; = 0.0183809 + 0.0369312i,
for f = 0.075, as indicated in the inset of Fig. 1(b).

Using the scattering matrix method [35,37], we calculated
the corresponding reflectances Ry, = |rpp|2 from the uniaxial
ENZ-MO structure in Fig. 1(a). Analytical expressions were
obtained for rpp, as follows:

Fop = . , (6)
T By + BB+ By — kea) + X (B — Ba)(B — s + utls.co)
[
where B; = n;qi (=1, ...,3), with
: e
N3,xx = 82 _ )/2, (14)
1) .
= = i —im
ke = ZV/Ersing, @ et (15)
g1 = = /e cost, ® . .
c with the subscripts 1,2, and 3 indicating that the parameters
o2 1 are calculated for the incident medium, the uniaxial metama-
= - %kf, 9) terial, and the MO substrate, respectively, i.e., &; corresponds
" M M2xx to the permittivity for the incident medium.
w? 1
B == — K, (10)
C% M3 .xx II1. RESULTS AND DISCUSSION
Noxx = 81_], an Rather than employing conventional magnetoplasmonic
nanostructures with alternating noble metal (plasmonics) and
Nxx = 811, (12) ferromagnetic (MO) films, we used a uniaxial ENZ slab
grown on a ferromagnetic substrate. SPRs are excited along
Mz = 8[] , (13) the ENZ-MO interface through the ENZ-SPR phase-matching
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FIG. 2. TMOKE calculated as a function of d € [5Snm, 810 nm]
and 0 € [0°, 80°]. For easy identification of resonances, results are
presented as functions of (a) d and (b) 6. Calculations were made
using ¢; = 1.0, i.e., considering the incident medium as air. The data
in solid circles (blue color) were obtained with Fe as the substrate
while the open squares (red color) refer to results for Co as substrate.

condition, which we found from the condition of minimum
reflectance as

Bs + Bi(Bs — kui3xz)
Ba2(B1 + B3 — kxnlxz) .

This equation is not limited to the materials considered in this
paper. On the contrary, it can be utilized to find the SPR condi-
tion of any uniaxial ENZ-based magnetoplasmonic structure
with the ENZ metamaterial deposited on any ferromagnetic
substrate. As the TMOKE resonances occur around the SPR
condition, this latter equation can be used not only to describe
the TMOKE peaks but also for a straightforward design of
magnetoplasmonic structures. Previous theoretical and exper-
imental studies about SPRs on Fe, Co, and Ni surfaces are
primarily devoted to chemiluminescence emission and plas-
monic fiber optic sensors [38,39], and the use for sensing in
aqueous media is presented here.

Numerical calculations in Fig. 2 were carried out for sub-
strates of Fe and Co for comparison purposes. Results were
obtained varying simultaneously the slab thickness (d) of
the uniaxial ENZ and the angle of light incidence (6), in
the ranges d € [Snm, 810nm] and 8 € [0°, 80°], for ey = 1.0
(air). For visualization purposes, results are presented only
as a function of d in Fig. 2(a) and only as a function of 6
in Fig. 2(b). Higher losses in Co than in Fe at the working
wavelength are responsible for the lower TMOKE peaks. To
explain the TMOKE resonances in Fig. 2, we consider an
uniaxial ENZ on a Fe substrate and ENZ slab thickness d =
77.43 nm under p-polarized light illumination with 6 = 9.95°,
as indicated by arrows in Figs. 2(a) and 2(b). We expect a
negative peak of maximum amplitude in TMOKE (~ — 1), as
observed from Fig. 3(a) (left-side scale). Reflectances (R),)
are also shown in Fig. 3(a) (right-side scale) for m = +1
(dashed line) and m = —1 (dash-dotted line). The minimum
in the reflectance spectra is due to the excitation of SPR at the
ENZ-Fe interface.

The behavior for all the TMOKE resonances in Fig. 2
can be explained precisely with the analytical expression in
Eq. (16). The SPR field enhancement at the uniaxial ENZ-Fe
interface is also shown in Fig. 3(b), where the corresponding
normalized E,-field profile is plotted with dashed line for m =
+1 withd = 77.43 nm and 6 = 9.95°, i.e., under the resonant
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FIG. 3. (a) TMOKE (left-side scale) as a function of the inci-
dent angle is plotted by a solid line. The corresponding reflectance
(right-side scale) for p-polarized light, with m = +1 (m = —1), is
represented by a dashed (dash-dotted) line. (b) The electric field
distribution along the structure for 6 = 9.95° (0 = 15°) is shown
with a dashed (solid) line. Calculations were made for d = 77.43
nm on a Fe substrate.

condition. We also plotted in a solid line the E,-field profile
for the same d value but using 6 = 15°, corresponding to a
negligible (~ 10~*) TMOKE value [see Fig. 2(b)] and a highly
reflective behavior. Although the prototypical uniaxial-ENZ
metamaterial has Ag nanorods in a matrix of Al,O3, our con-
cept can be easily extended to other uniaxial metamaterials.
In particular, experimentalists may employ techniques such
as pulsed laser deposition to fabricate precise, highly tunable
metallic nanorods embedded in an oxide matrix to obtain mag-
netoplasmonic platforms as proposed in this paper [40-42].
Some differences may appear between the theoretical model
for the uniaxial metamaterial and their experimental responses
due to small surface imperfections/variations [28], which we
expect to be within the experimental tolerance. Figure 4 il-
lustrates the possible application of the proposed structure for
sensing based on changes of the refractive index in aqueous
media. The incidence medium is taken as water with refractive
index n; = 1.335 (¢; = 1.78223). Figure 4(a) shows TMOKE
for the structure in Fig. 1(a) using d = 77.43 nm with a Fe
substrate. Calculations were made for a refractive index of
the incident medium varying from n; = 1.335 to n; = 1.345,
in steps of An; = 0.001. The corresponding changes in the
angle for the resonant TMOKE peak, associated with suc-
cessive steps in the incident refractive index, are shown in

LO{ I ~11.55+— : .
ncreasing RI (a) %011.504 .. (bt

Z 11454 el

5 S =-11.55 deg. /RIU *"==-.}

= 11.007 F

£.10.951 e, »

S 10.90] S = -8.54 deg. /RIU ™=

1.2 11.4 11.6 = 1334 1.339 1.344

0 (deg.) RIU

FIG. 4. (a) TMOKE as a function of the angle of incidence for
different refractive indices of the incident medium for a Fe substrate.
Calculations were made for a slab thickness d = 77.43 nm. The
incident refractive index varied from 1.333 to 1.345 in steps of
An; = 0.001. (b) TMOKE peaks as a function of the incidence angle
and refractive index of the incident medium. Results are presented for
substrates of Fe and Co with dashed lines with solid circles and open
squares, respectively.
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Fig. 4(b) by a dashed line with solid circles. The sensitivity
is calculated here as S = ag‘;:‘k , where 6, indicates the an-
gle associated with a TMOKE peak for a specific value of
ny. As noted from Fig. 4(b), Opeax changes linearly, thus the
corresponding value of § can be obtained from a simple linear
fitting. The detrimental effects from losses can be inferred
by comparing with results for the same system but with Co
as the substrate, shown in Fig. 4(b) by a dashed line with
open squares. The sensitivity in these systems can be lower
than their prism-based counterparts [43] but we expect that
this seminal work may inspire further studies to circumvent
this limitation for sensing. Moreover, the simplicity and high
integrability of this concept can also lead to the development
of magnetoplasmonic devices using other MO effects.

IV. CONCLUSIONS

In summary, we have shown that uniaxial ENZ metamate-
rials grown on ferromagnetic substrates can be used for highly
integrable magnetoplasmonic platforms. Significantly, we
found an analytical expression for the SPR condition in these
structures, based on the uniaxial ENZ-SPR phase-matching
condition, which can be used for designing structures with

tuned resonant frequencies and tailored geometries for dif-
ferent applications. As a proof of concept, we illustrated
the refractive-index sensing in aqueous media, which can
be exploited to detect various analytes, including those of
biological interest. Upon comparing the sensing performance
with structures built on Fe and Co substrates, we could readily
observe the detrimental effect of losses. Because the designed
structures with uniaxial ENZ metamaterials allow for high
integrability and tunability of the working wavelength, we
expect that this paper will stimulate development of plasmonic
and magnetoplasmonic devices.
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