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Abstract—The results of synthesis and experimental study of two types of nanocomposites based on Au/Ni
nanorods in porous anodic alumina matrix are presented. The existence of two features in the optical spectra
of such structures corresponding epsilon-near-zero and epsilon-near-pole points is shown. A significant
modulation and enhancement of the alternating magneto-optical effects are observed in the spectral vicinity

of these points.
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INTRODUCTION

Hyperbolic metamaterials (HMMs) are artificial
media possessing strong uniaxial optical anisotropy
characterized by effective permittivity tensor with
principal components of the opposite signs for the
directions corresponding parallel and perpendicular to
the optical axis [1, 2]. The most popular configura-
tions of HMMs are a metal-dielectric multilayer stack
or an ordered array of metal nanowires in a dielectric
host material. In both types of structures, the hyper-
bolic dispersion law is achievable in the optical range
(instead of elliptical dispersion in traditional dielec-
trics) leading to a number of unusual optical properties
that can find a plenty of applications, from high-reso-
lution imaging and lithography [3, 4] to biosensing [5]
and waveguiding [6]. Dispersion properties of the con-
stituting materials along with the design of the HMMs
provide two distinct pecularities of the spectra of their
epsilon tensor components. The first one is a change
in the sign of the real part of one of the components of
the effective permittivity tensor and thus the appear-
ance of Epsilon Near Zero (ENZ) point [7]. The sec-
ond one is the pole of effective epsilon component
(Epsilon Near Pole, ENP).

One of the efficient and convenient techniques for
the HMMs fabrication is templated electrodeposition
of a metal inside the cylindrical pores of anodic alumi-
num oxide (AAO) matrix. In such structures, two
plasmon resonances (along and perpendicular to the
nanorods axes) can be excited [8] providing resonant
effects due to the amplification of the electric filed of
the pump radiation.

Anovel trend in the field of hyperbolic media stud-
ies is a combination of HM Ms with gyrotropic materi-

als [9]. Such composite structures are interesting from
the fundamental point of view as novel effects can be
revealed in the magneto-optical response in the spec-
tral vicinity of the ENZ or ENP points. They also pro-
vide possibilities of the magnetic-field-assisted light
manipulation perspective for the modern nanopho-
tonics. It is worth noting that the plasmon-assisted
enhancement of magneto-optical effects was already
observed in a number of papers [10—12], whereas
these experiments were performed far from the ENZ
and hyperbolic dispersion spectral regions.

Here, we present the experimental studies of opti-
cal and magneto-optical effects in two types of com-
posite HMMs: (i) arrays of gold nanorods in AAO
template supplemented by a continuous nickel film
and (ii) composite gold/nickel nanorods in AAO.

SAMPLES
AND EXPERIMENTAL SETUP

Arrays of gold nanorods in AAO matrices were pre-
pared by templated electrodeposition. Detailed proce-
dure was described in [13]. According to the SEM
studies, the diameter of Au nanorods is about 40—
50 nm and their length is about 500 nm, the volume
fraction of gold in the nanocomposite being 8—10%.
The volume fraction of the metal f, strongly deter-
mines the functional properties of the nanocomposite.
To fabricate HMMs of type (i) with f;, smaller than the
template porosity, the controlled blocking of the por-
tion of pores during anodization in 0.3 M H,C,0, was
performed [14]. In the case of HMMs of type (ii),
AAO matrices were prepared in 0.3 M H,SeO, at 48 V
and 0°C [15, 16]. This kind of AAO templates possess
low porosity of ca. 8—10%.
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Fig. 1. Schemes of the samples under study.

In the first type of samples, a continuous nickel
film of the thickness of about 15 nm was deposited
onto one side of the template by DC magnetron sput-
tering, providing a contact with the vertically aligned
Au nanorods (see Fig. 1a). In the second type of struc-
tures, nickel nanorods of 50 nm in length were formed
above the gold ones (see Fig. 1b) by Ni electrodeposi-
tion at constant potential of —0.9 V versus Ag/AgCl
reference electrode at room temperature from the
electrolyte containing 0.7 M NiSO,and 0.3 M H;BO;,.

For the optical spectroscopic studies, a halogen
lamp was used as the source of a broadband light, the
polarizer was installed to control the p-polarization of
the incident light. Transmitted light was detected by a
spectrometer. In the magneto-optical experiments, a
DC magnetic field of 1 kOe formed by two permanent
ring magnets was applied in the Faraday, Voight or
Kerr geometries. The magneto-optical effect was mea-
sured through the magnetic contrast of the transmis-
sion as:

_TH)-T(H)
T(H)+T(-H)

where T (£ H) is transmittance of the structure for the
opposite directions of the applied magnetic field, H.
In the experiments in the Faraday geometry, an ana-
lyzer was set at 45° with respect to p-polarization,
which allowed to reveal the polarization plane rota-
tion. In the Voight geometry the total transmittance
was detected. For the transversal Kerr geometry the
magnetic contrast was calculated analogously to (1)
when using the reflection data instead of the transmis-
sion ones. It should be noted that ellipticity of the
transmitted light cannot be neglected as the birefrin-
gence is very strong [17] and the Faraday polarization
plane rotation cannot be directly estimated from the
value of magnetic contrast, as frequently can be per-
formed for ferromagnetic films. As a reference struc-
ture without hyperbolic dispersion we used an AAO
template without gold nanorods with a 15 nm-thick Ni
continuous film deposited above.

p ey

EXPERIMENTAL RESULTS

The transmission spectrum of the sample of the
first type HMM is shown in Fig. 2a. Two minima cen-
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Fig. 2. (a) Transmission spectrum of the first-type sample
measured for the angle of incidence 45°; (b) isofrequency
surface for the sample at the wavelength A = 900 nm. The
components of the wave vector are indicated in the units of

21/

tered at the wavelengths of 540 and 820 nm are
observed, which correspond to transversal and longi-
tudinal plasmon resonances, respectively. The calcu-
lations of the effective permittivity components
showed that these two resonances correspond to the
pole of the component perpendicular to the nanorods
€, (ENP) and the sign reversal of the permittivity
component along the nanorods g [13]. Hyperbolic
dispersion regime can be achieved at the wavelengths
A > 820 nm. For example, Fig. 2b demonstrates an
isofrequency surface for A = 900 nm. Previous studies
showed that at this wavelength €,, = ¢,, = €, = 4.2,
€., =g =—0.5[13], so that the isofrequency surface for
the k-vector components in the units of 21t/A has the
form of hyperboloid.

It should be noted here that the presence of mag-
netic materials does not change significantly the non-
magnetic optical properties of the samples, while it
decreases the overall transmission. Transmission
spectrum of the second-type sample is qualitatively
similar to that shown in Fig. 2a.

Figure 3a represents the spectra of p measured in
the Faraday geometry for different angles of incidence.
Two features should be pointed out here. The first one
is a peak centered at approximately 540 nm with the
quality factor decreasing with increasing the angle of
incidence 0. The maximal value of the magnetic con-
trast is about 1.5 x 1072 that exceeds by an order of
magnitude the corresponding value for the reference
nickel film. The second spectral feature is observed in
the spectral region 770—970 nm and has a complicated
oscillating behavior. Importantly that the magnetic
contrast increases in this spectral region with the angle
of incidence.

The spectrum of the magnetic contrast in the Voi-
ght geometry of Au nanorods array with Ni film is
shown in Fig. 3b. It reveals an amplification along
with the sign reversal of p in the spectral vicinity of the
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Fig. 3. Spectra of the magnetic contrast measured for the
sample of the first type in the Faraday (a) and the Voight
(b) geometry for different angles of incidence: 0° (black
lines), 20° (red lines), 30° (green lines), and 35° (blue
lines). Schemes of the experiments are shown in the right
panels.

ENZ point A = 820 nm for the angle of incidence 6 =
35°. For smaller angles of incidence, p is close to zero.

Figure 4 shows the spectra of the magnetic contrast
in the Kerr geometry for 8 = 45°. For both samples
(solid lines) we observe alternating in the sign of mag-
netic contrast near the ENZ point. For the reference
in Ni film (Fig. 4a, dashed line) the spectrum of p is
monotonous. This confirms the principle role played
by the HMM structure in the observed enhancement
of the magneto-optical effects.

DISCUSSION

Optical properties of the composite HMM are
defined by the components of effective permittivity
tensor, corresponding to the directions perpendicular
(€,) and parallel (g)) to nanorods, which depend on
the volume fraction of gold and the nanorods' length,
whereas are slightly sensitive to the presence of small
amount of additional magnetic materials. The ampli-
fication of p in the spectral vicinity of the ENP point
occurs due to a strong electric field localization and
enhancement of the light-matter interaction under the
transversal plasmon resonance excitation (Fig. 3a).
Similar effects were observed in non-hyperbolic mag-
neto-plasmonic structures of various design [10, 11].

The spectra of the magneto-optical effects in the
vicinity of the ENZ point in the nanocomposite con-
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Fig. 4. Spectra of the magnetic contrast measured in trans-
versal Kerr geometry for the sample of the first type (a) and
second type (b) for the angle of incidence of 45° (solid
lines). Analogous spectrum for the reference nickel film is
shown in the panel (a) by dashed line. Schemes of the
experiments are shown in the right panels.

sisting of Ni thin film and HMM are associated with
the strong optical anisotropy of nanorods’ array in this
spectral region. In the Faraday geometry, p-polarized
pump light falls onto the gyrotropic film that rotates
the polarization plane [18]. So, after the Ni film, the
polarization plane is slightly inclined with respect to
the plane of incidence. The nanorods array screws it
up due to the giant absorption anisotropy of the sam-
ple as well as due to the stong difference between phase
velocities of the ordinary and extraordinary beams in
the spectral vicinity of the ENZ point. This mecha-
nism explains the enhancement, oscillating behaviour
and the strong dependence of p on the angle of inci-
dence near A = 820 nm (Fig. 3a).

CONCLUSIONS

Optical properties of artificial composite structures
that combine hyperbolic and magnetic materials of
two designs were investigated. Spectra of the magneto-
optical effects of the samples were studied for different
angles of incidence of the probing radiation in a wide
spectral region, which includes the specific epsilon-
near-zero spectral points. It was found that the mag-
neto-optical response of the HMM with ferromag-
netic compounds is strongly enhanced and modulated
close to these spectral regions, which is attributed to

No. 13 2019



MAGNETO-OPTICAL EFFECTS IN Au/Ni 1269

the light localization effects in the birefringent HMM.
These results provide wide perspectives for the selec-
tive enhancement of the magneto-optical response.
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