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NANOANTENNAs COMBINING MAGNETIC AND PLASMONIC FUNCTIONALITITES

»  Localized surface plasmons & Magneto-optical Kerr effects (MOKE): Introduction
»  Physical picture and modeling

» LSPR-based sensing: Towards molecular sensing

»  Photonics technology: control of the non-reciprocal light propagation
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Q Localized surface plasmon resonances (LSPRs
L )

AN

Localized surface plasmon resonances (LSPRs or LSPs) collective oscillations of
conduction electrons in metallic nano structures.
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L EW field irradiated by an oscillating dipole
L
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Electric field lines due to an electric dipole oscillating vertically at the origin. Near the dipole,

the field lines are essentially those of a static dipole.
At a distance of the order of half wavelength or greater, the field lines are completely

detached from the dipole

. CIC
European School on Magnetism (ESM-2018), Krakow 17-28 September 2018 “(erbasa UEI

anocune IAVAEER
ve Researcw center Basque Foundation for Science



e olasmon resonances (LS

AN

Scattering and absorption remove energy from the incoming EM
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as a damped narrmonic oscillator
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Q Magnetoplasrmonics
o

Electron
cloud
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o Combination of magnetic materials with nanometer-scale systems supporting
surface or localized surface plasmon resonances

> Plasmons can be controlled by an external magnetic field (active plasmonics)

(SPPs MLKgpp — K'gpp = KgpptAKgpp)

o Magneto-optical response can be modified by plasmons: e.g., Faraday or Kerr
enhancement

G.Armelles , A. Cebollada , A. Garcia-Martin , and M. Ujué Gonzéalez, Adv. Optical Mater. 2013, 1, 10-35
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Q rlole-Wlask Colloidal Lithograophy
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Adv. Mater. 19, 4297 (2007)

» Large areas

» Disordered distribution

» Insulating substrates

» Low concentration to avoid interactions
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-beam lithography on glass

Substrate cleaning  Resist coating E-beam exposure

.

PMMA

glass

Development Metal deposition Lift-off
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Arrays written with a write field of 50 micron x 50 micron.
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i lithography on glass

Substrate cleaning Film growth Resist coating  E-beam exposure
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{3 Ni nanoantennas
L ]

Hole-Mask Colloidal Lithography (Ni disks on glass) < | /

Adv. Mater. 19, 4297 (2007)
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tcdue ito a LSPR?

To detector

Scanning Near-Field Optical (SNOM)
microscopy: amplitude and phase!
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In the NF, electric field is like the one
produced by a static electric dipole
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Intense E fields of opposite sign

Small 7, 2341 (2011) (n outof phase)
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L Areal LSPR?
L

Scanning Near-Field Optical (SNOM) microscopy: amplitude and phase!
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Q Magneto-Optical Kerr effect configurations
o
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Magnetic characterization
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P. Vavassori, APL 77, 1605 (2000)
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P-MOKE Extinction
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Phys. Rev. Lett. 111, 167401 (2013)
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Qﬂmole ohysical picture: two coupled darmped harmonic oscillators!!!

0.8 ' Phase (m)
3 Amplitude

Nk

0 0.5 1 1.5

Damped harmonic oscillator
Phase contribution

» Damped H.O.: confinement
» S.0. coupling: material property

Fundamental hypothesis here: linear and perturbative regime
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1. Oscillator along x TN

Py = Oty E°
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S.0. coupling induces an electric
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3. Oscillator along y
Now introducing the lateral confinement

Gives the polarization of the far-field radiated
in the z-direction by these two mutually ¢ Py = %Ey&

orthogonal oscillating electric dipoles

» MO enhancement depends only on a,, (shape can improve enhancement)
> Relative phase on both a,, and g,
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Simple pnysical picture: two S.0. coupled darmped narrmonic

oscillators: reldnve [ h

» Damped H.O.: confinement \ ﬁolarization of the radiated field E(zm
» S.0. coupling: material property
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Q Depolarizing field is the key
L ]

Cilindrical disk Oblate ellipsoid
Internal field
. E
Embedding medium External field o o

\ f . :

O
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Depolarizing field

N. Maccaferri et al., Opt. Express 21, 9875-89 (20113)
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C a@00rox

Static depolarization: the sphere case
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Q Wavelengih dependent corrections to polarizaoility: modified
L

long-wavelength aporosximation (WILWA)

Cilindrical disk Oblate ellipsoid

= - D
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k is the light wave vector modulus,
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N. Maccaferri et al., Opt. Express 21, 9875-89 (20113)
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The polarization of the far-field p .o
radiated in the z-direction by these y _ YTV
two mutually orthogonal oscillating = (6‘ _c )
electric dipoles is given by the ratio pX m
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Phys. Rev. Lett. 111, 167401 (2013)
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Q Viodeling the specira

Our system Model system
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Q Viodeling the specira: s 283

Step 2 (far-field)

Effective medium approximation (EMA) Fictitious MO film
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D. Stroud, Phys. Rev. B 12 (8), 3368 (1975)
M. Abe, Phys. Rev. B 53 (11), 7065 (1996)
M. Abe and T. Suwa, Phys. Rev. B 70, 235103 (2004)

Step 3 (far-field including substrate)

* 2 ZL Complete system
K

DX oy nefi By

o | (e o m 2] m =]

) L S,
Transfer matrix method By

(multilayers)

2o
o

M. Schubert, T. E. Tiwald and J. A. Woollam, Applied Optics 38 (1), 177 (1999) .
J. Zak, E. R. Mook, C. Liu and S. D. Bader, JMMM 89, 107 (1990) N. Maccaferri et al., Opt. Express 21, 9875-89 (2013)

S. Visnovsky etal., Optics Express 9 (3), 121 (2001) N. Maccaferri et al., Phys. Stat. Solidi (a) (2014)
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Response of an ensemole of such oscillators randornly

i
distriouted on a glass subsiraite (EVIA)
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NF Calculated (n=1. 125)
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)ave a joor at the individual
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U Confinement (LSPR) — redistribution (blue shift) of the main spectral features (material properties, 6
and ¢ linked via Kramers-Kronig relations)

U Substrate — reduction of MOKE contrast and slight additional blue shift of the spectral features
Phys. Rev. Lett. 111, 167401 (2013); Phys. Status Solidi A 211, 1067-75 (2014)
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Am pI|tude

Phase delay tuning

The concerted action of LSPRs and MO activity allows for the controlled
manipulation of Kerr rotation/ellipticity of ferromagnetic nanostructures
(beyond intrinsic material properties). Phys. Rev. Lett. 111, 167401 (2013)
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Q Conftrol of rnagneto-optics via magnetoplasrnonic anisotropy

Active tuning Shape engineering L-MOKE
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“Magnetoplasmonic design rules for active magneto-optics”
Enhancement by a factor of 20 Nano Letters 14, 7207 (2014)
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Q LPRS phase-sensitivity in the reflected/transrmitted light polarization
o

Reflected elliptically polarized light

Extinction

Extinction
Intensity

Incident linearly polanzed light
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N. Maccaferri et al., Nature Commun. 6, 6150 (2015)
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Q LPRS phase-sensitivity in the reflected/transmitted light polarization
L

R. Verre et al. Nanoscale 8, 10576 (2016)
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Q Near field interactions: Magnetoplasmonic ruler

Plasmon ruler is an emerging concept where strong near-field coupling of plasmon nanoantenna
elements is employed to obtain the structural information at the nanoscale (nanoscale distances).

Magnetoplasmonic ruler concept

a
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MP  ruler: two orders of
magnitude higher precision
compared to the state-of-the-art
plasmon rulers.
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Q Outline

MAGNETOPLASMONIC METAMATERIALS

»  Surface lattice resonances in arrays of nanoantennae
» Arrays of elliptical nanoantennae

» Magnetoplasmonic gratings: arrays of antidots

(ESM-2018), Krakow 17-28 September 2018 |(IMEHIIE
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Ordered arrays of metallic nano-antennas (MNAS) placed in symmetric or quasi-
symmetric refractive index environment exhibit surface lattice resonances
(SLRs) which arise from diffraction-induced coupling between LSPRs of the
MNAS.

— |solated particle
d B —Particle in array

=
o

=
=

=
N

Extinction cross—section [|_|rn2]

=
[

MNAS

£oo : ; : 300
Wavelength [nm]

This coupling may result in significant reduction of plasmon radiative damping,
and therefore, narrowing of plasmon resonance, which is of interest for plasmon
based sensors.
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srmon radiative damping — Fano-like resonance

Ordered arrays of metallic nano-antennas (MNAS) placed in symmetric or quasi-
symmetric refractive index environment exhibit surface lattice resonances
(SLRs) which arise from diffraction-induced coupling between LSPRs of the
MNAS.

A=d *n d,

— |solated particle
| — Particle in array

=
o

=
=

C_ = O &= O == >

=
N

Extinction cross—section [|_|rn2]

=
[

MNAS

£oo : ; : 300
Wavelength [nm]

This coupling may result in significant reduction of plasmon radiative damping,
and therefore, narrowing of plasmon resonance which is of interest for plasmon
based sensors.
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Q Arrays of magnetoplasmonic nanoantennas

Ordered arrays of metallic nano-antennas (MNAS) placed in symmetric or quasi-
symmetric refractive index environment exhibit surface lattice resonances
(SLRs) which arise from diffraction-induced coupling between LSPRs of the
MNAS.

Ao=dy*n

AMio =0, *n

E; i .
> — |solated particle
M — Particle in array
0.8 ;

=
=

=
N

Extinction cross—section [|_|rn2]

=
[

Magnetic
MNAS

£oo : ; : 300
Wavelength [nm]

This coupling may result in significant reduction of plasmon radiative damping,
and therefore, narrowing of plasmon resonance which is of interest for plasmon

based sensors.
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rrorm randorn to ordered arrays: Polarizaoility
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Q On the origin of SLVIs
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Q On the origin of SLVIs

Resonance position mainly determined Strength of resonance determined by
by crossing points of real parts. difference between imaginary parts
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Q rrom randorn to ordered arrays: WIP crystals

Wemhsafriee] Material: Py; Lattice parameters: p, 400 nm p, 400 -500 nm
Refractive index matching oil (n = 1.5)
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M. Kataya et al., Nat. Commun. 6, 7072 (2015)
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ingular arrays
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Resonance lineshape evolution varying the relative position

of the LSPR with respect to the Rayleigh’'s anomaly
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Short Axis, SA

Long Axis, LA
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MO anisotropy tuning g
—4
——38.75
‘\E\ 35
- ——3.25
—3

[\
NN
o~
(3]
MOA , (mrad)

A L A n A
650 750 850 950 1050

Wavelength (nm)

MOA,, (mrad)

i 1 i i A
650 750 850 950 1050
Wavelength (nm)

(3]

MO anisotropy (mrad)

g

ﬁ i i i i
650 750 850 950 1050
Wavelength (nm)

=,

Isotropic MO activity d

—4
'\\‘ ~———3.75

E 35

——325 §

—3 £

. —275 &

\E —25 &

LA K
==
R New—"
L.___qt_____J“xu_h_j__.__:

Wavelength (nm)

MOA,, (mrad)

650 700 750 800 850
Wavelength (nm)

MO anisotropy (mrad)

424

650 700 750 800 850
Wavelength (nm)

Maccaferri et al., Nano Lett. 16, 2533 (2016)
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maole O and VO-Anisotrooy
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LSMs with hyorid nanostruciy

MAGNETO-OPTIC / \
@ 4 ‘ Another common strategy to Ni
overcome the excess of -

MAGNETO-PLASMONIC damping is to develop hybrid
;‘ structures consisting of noble
() > L TS metals and ferromagnets.

Banthi et. al Adv. Opt. Mat. 24,
OP36 (2012).
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Q Concluding remarks

» Concerted action of LSPRs (or SPPs) and MO-coupling can be
exploited to achieve a controlled manipulation of the MO response
(control Kerr rotation/ellipticity) beyond what is offered by intrinsic
material properties.

Patterning magnetic nanostructures for resonant interaction with light:
Magnetoplasmonic Crystals

» Magnetically tunable plasmonic crystal based on the excitation of
Fano-like lattice surface modes in periodic arrays.

v Highly tunable and amplified magneto-optical effects as compared
to disordered systems.
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Q Other directions explored: magneto-plasrmonics with SPP s

SPPs are localized electromagnetic
modes/charge density oscillations at
the interface of two media with
dielectric constants of opposite
signs, e.g. a metal and a dielectric,.
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Q SP resonance: coupling with a grating (conservation of mormeniturn)

" S_"']_’(@) k:sin(6)

Kep = ki SIN(O) + Kep = ki SIN(6) -

+1 order coupling -1 order coupling
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Q Viagntoplasrmonic grrn‘mg'; VIOKE enhancerment due to resonant
L

couoling with SPF

Magnetic diffraction grating \
Antidot array (square lattice ): /E/\*/'
material Py (Fe,gNigy), thickness = 80 nm, \ .
lattice parameter = 405 nm, \
hole diameter = 265 nm N M
by deep-UV photolithography ——
(Prof. A. Adeyeye, Singapore)
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N. Maccaferri et al., ACS Photonics 2, 1769 (2015)
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Qr’?eﬂe ctivity maps: full calculations (antido
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Q VIO activity enhancement mechanism (L-WOKE)
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Q experimental VO-activity
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Q Rotation and ellioticity
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Q SPP band s engineering
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Q Concluding remarks
L ]

» Concerted action of LSPRs (or SPPs) and MO-coupling can be
exploited to achieve a controlled manipulation of the MO response
(control Kerr rotation/ellipticity) beyond what is offered by intrinsic
material properties.

Patterning magnetic nanostructures for resonant interaction with light:
Magnetoplasmonic Crystals

» Magnetically tunable plasmonic crystal based on the excitation of
Fano-like lattice surface modes in periodic arrays.

v Highly tunable and amplified magneto-optical effects as compared
to disordered systems.

» Two-dimensional magnetoplasmonic crystals supporting surface
plasmon polariton modes and displaying a two-dimensional photonic
band structure.

v Design of metamaterials with tailored and enhanced magneto-
optical response by engineering the plasmonic band structure via
lattice engineering.

L CIC
{ijamoeune P. VAVASSORI European School on Magnetism (ESM-2018), Krakow 17-28 September 2018 "(erbasa UEI

Basque Foundation for Science




