Magneto-optics and Magneto-plasmonics

César de Julian Fernandez

@ IMEM-CNR Parma

Magnetic Materials Group

Advanced magnetic materials and devices for biomedical applications
Italian School of Magnetism
Turin, 21-25 May 2018


http://www.cnr.it/

Schedule

1. Magneto-optics
a General phenomenology and materials
b Applications of plasmonics in bio

2. Plasmonics
a General phenomenology and materials
b Applications of plasmonics in bio

061 — AUNPs
Au_Fe. NPs

90 10

0,4-

3. Magnetoplasmonics 2

. : <.,
a Plasmonics and magnetism? 02
b Magnetoplasmonics materials and phenomena 001

400 500 600 700 800 900

c Applications in bio Wavelength (nm)



Magnetoplasmonics

Purpose of magnetoplasmonics (bio)
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Magnetoplasmonics

Can support magnetic materials SPR?

Mie Calculation (n=1.5)
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Figure 1. a) Dielectric function of nickel taken from Palik.125!
b) Comparison of the polarizibility |e] of nickel and gold spheres.

Nickel is the best!!!
But always dumping Chen Small 7, (2011) 2341-2347



Magnetoplasmonics

Can support magnetic materials SPR?
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Magnetoplasmonics

Can support magnetic materials SPR?

LSPR in Ni nanorods
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*Shape improves LSPR e
* LSPR moves to IR

*Phase change allows observation of SPR
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Chen Small 7, (2011) 2341-2347



Magnetoplasmonics

Can support magnetic materials SPR? . il
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*Novel concept of sensing : Work with MOKE=0

*Tunnability of MO-SPR with the magnetic field
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Bonanni Nano Lett. 2011, 11, 5333-5338

Maccaferri et al. PRL (2013) 111, 167401



Magnetoplasmonics

MO effects in Plasmonics materials?

) Yes
(non-magnetic conductors)
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Magnetoplasmonics

MO effects in Plasmonics materials?
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Hui Appl. Phys. Lett. 50, 950 (1987) Marinchio et al. Phys. Rev. B 85 (2012) 245425



Magnetoplasmonics

MO effects in Plasmonics materials?

Sepulveda et al. Phys. Rev. Lett. 104 (2010) 147401
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FIG. 1 (color online). (a) Schematic of the MO effect induced
by the Lorentz force in a metal nanoparticle. (b) Magneto-optic
Kerr polar experimental configuration. (¢c) SEM images of the
gold nanodisk arrays.

Dephasing of the Electric field component

Modulation of SPR by the magnetic field



Magnetoplasmonics

MO effects in Plasmonics materials?

MCD in NPs
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— Amplification of the MO response

Wavelenath (nm)

Modulation of SPR by the magnetic field

Pineider Nano Letters 13 (2013) 4785



Magnetoplasmonics

LSPR with circular polarized ligth (Magnetic dichroism)

Circular polarized plasmons
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Modulation of SPR by the magnetic field
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Magnetoplasmonics
MO effects in Plasmonics materials?
Also in SPP
B/ ' ‘ @ TM polarization
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Au/air Ak/kxB =109
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MO effect is larger in Magnetic materials

Wallis PRB 9 (1974) 3424
Armelles Adv. Optical Mater. 1 (2013) 10-35



Magnetoplasmonics

\AXCIN IR (es PLASMONICS
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Magnetoplasmonics

Hybrid Magnetoplasmonics materials

Enhanced Magneto-optical Tunable optical properties

signals
Enhanced : Magneticall
. Magnetic . g y
anisotropy : Plasmonics active
properties
Plasmons

Proximity effects
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Magnetoplasmonics

Hetero-nanostructures

Iron oxide@gold
Core@shells

Gold-Iron oxide Gold-Iron oxide Gold@Iron oxide

Heterodimers Flowers Core@shells
\_ mers JN e )\ @

| o J t ; ds & ', | Gold@cobalt ferrite
ron oxide tetrapods & prisms Core@hollow shells

With a silver sphere JAR ) \Gold—lron Alloy

Silver-lron oxide
\ Heterodimers




Magnetoplasmonics

Co@Ag NPs Au @ Fe oxide
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Magnetoplasmonics

Hetero-nanostructures: is it a good idea?

/

Mainly with oxides

' . ¢ Seed growth
———
MetaIS? e 1& 00 noreduction Au(III)
Core-satellite
Fe;,O-NH; structure

Nguyen et al. Nanomaterials 8 (2018) 149
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Y 0. =20 »Dumping of the SPR
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sphere % "
\ |2-)
~_ Synthesis?
Auultra thin shell Seed gro“ th
- :‘N 9] 2 o~ Reduchon Au(III)
k HCH— wr MJ’ Core-shell-structure
‘z" NaBH, E Fe; ,O,-NH, Core-satellite
Fe,0, S';u‘ujbe PLH Fc,‘(:); Au Vanﬁﬁ single core ek

@

Jin, Nature Comm. 1 (2010) 41

Multishell structures
could be easier
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Magnetoplasmonics

Hetero-nanostructures, is it a good idea?

Most magnetic materials
absorb in the VIS
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® Red Shift and dumping of SPR!
< Problems in the reproducibility of the Nanostructures
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Shi, Nano Letters 6 (2006) 875 J Phys Chem 117 (2013) 16166 Velasco J. Phys. D Appl. Phys. 48 (2015) 035502; Luchini Phys. Chem. Chem. Physi.17 (2015) 6087
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Au and Fe oxide Hetero-nanostructures

1nm
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Magnetoplasmonics

Au and Fe oxide core@shell
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Pure plasmonics!!!



Magnetoplasmonics

Au and Fe oxide core@shell
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Magnetoplasmonics

MCD (mrad)

Normalized Magnetization
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Multilayers
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Magnetoplasmonics

Multilayers Coupling o
plasmons
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Magnetoplasmonics

Multilayers

Observation of Magnetic field SPP (Telmnov Nat. Photonics 4 (2010) 107)
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Magnetoplasmonics

Multilayers
R . Au 15 nm . .

Magnetic layer thickness “_Co6nm Plasmonic materials

Increases MO contribution «—Au 25 nm Better Ag than Au

Increase Dumping “~Cr2nmm But oxidation
Glass substrate
BK7 (n=1.5) SFI0 (n=1.7)

Magnetic layer position Quality of the films

Better nearby surface

Epitaxial growth
But oxidation

Decreases roughness and interdiffusion
Improve magnetic properties

] Au/Fe/Au trilayers
L=633nm |
5nm Fe
\:‘,"‘ '.‘
~ . =
S—u _ _ -] 1 % /
0 10 20 30 40 50 60 41 42 43 44 45 46 : . 3
Co depth (nm) Incidence angle (deg) EpltaX|aI Poncrystallne

Ferreiro-Vila Phys. Rev B. 83 (2011) 205120; Gonzalez Phys. Rev. B 76 (2007) 153402 Manera Sensors and Actuators B 239 (2017) 100
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Applications

Multifunctional Nanomaterials

Nanomaterials with Enhanced MO Signals

Magnetic field active plasmonics devices

Plasmon assisted magnetic recording

Sensors
Biomedicine
Separation

current injection

Van Parys et al. APL 88 (2006) 071115

Destructive = MO material  Constructive
interference interference

=)

Mach-Zehnder
interferometer

non-reciprocal waveguide




Magnetoplasmonics-Applications

Biomedical applications
Targeting -Delivery  Diagnostics  Therapy

o
o

Multifunctional Magnetoplasmonic
Nanoparticle Assemblies for Cancer Therapy

i / and Diagnostics (Theranostics)*®
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Chen Macromol. Rapid Commun. 2010, 31, 228

Au-ultrathin functionalized core-shell (Fe;0,@Au)
monodispersed nanocubes for a combination of
magnetic/plasmonic photothermal cancer cell killingt

*Health & Bio & Pharma

Md. Abdulla-Al-Mamun,** Yoshihumi Kusumoto,** Tohfatul Zannat,® Yuji Horie

aMagnetic forces and Hirotaka Manaka® RSC Adv. 3 (2013) 7816 n SERS

*NMRIi - =V|S- photon Imaging
. Thermal Energy Dissipation by SiO,-Coated Plasmonic- :

.Hyperthermla Superparamagnetic Nanoparticles izn Alternating Magnetic Fields .Targetmg

*Targeting =Phototermal therapy

o Delive ry Fu:zbvid plasmonic- spec:rcu" le‘r'v‘u::;:l,:n'r'eh:n:'rl?’u .SenSi ng

*Ultrasound imaging B>0 =Delivery

MAGNETIC FLUID HYPERTHERMIA
Sotiriou Chem Mater 25 (2013) 4603

Lim Nano Today 8 (2013), 98
Zhou J. Biomed. Nanotechnol. 10 (2014) 2921
Tran Anal Chem 2 (018)
Nguyen Nanomaterials 8 (2018) 149




Magnetoplasmonics-Applications

Magnetic field manipulation

Clusters, beads, microspheres

Magnetic Targeting —Delivery: DNA- Drug therapies
Magnetophoretic
Increase of local drug concentration
Reduction of doses
Larger retentivity

Magnetic separation for diagnostics

Magnetic seed for diagnostics

Magnetic concentration
Enhancement of optical signal

Fig. 1 Schematic of (&) the plasmonic superparamagnetic nanoshell (SN)
HUVEC/HDF co-culture system and (B) the subsequent separation of two
types of cells under an external magnetic field. Upon excitation of a pulse
laser, the vascularization of HUVECS is visualized via two-photon lumines
cence imaging of SNs. Theinset in panel (A) is a TEM image of a SN, and the
scale bar is 100 nm

Jim J. Mater. Chem. B, 2015, 3, 7787

Inertness
Functionalization

Chemotherapeutical
drugs

antibodies A shRNA

proteins

Fluorescent dyes .
Au material

Overcome toxicity of Magnetic NPs
Employment of efficient Magnetic materials

of HUVECs cultured (A) without and (B) with Fes0,05i0:@Au nanoparticles. The region in th
' K:|Tam~mm image, (D) 2D TPL image and (E) 3D TPL visusiization of a single HUVEC labele

Jin Nanoscale 6 (2014) 14360



Magnetoplasmonics-Applications

Diagnostics by ATR-SPR
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Magnetic field assisted ATR devices
have higher sensibility than conventional ones!

G. Armelles et al. Adv. Optical Mater., 1, 10-35, 2013 B. Sepulveda et al, Opt. Lett 31, 1085 (2006)



Magnetoplasmonics-Applications

Diagnostics by ATR-SPR
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Magnetoplasmonics-Applications

Diagnostics by MO detection (LSPR)
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Multimodal imaging
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Magneto-motive imaging techniques
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Magnetoplasmonics for Imaging
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Magneto-Plasmonic Nanocapsules for Multimodal-Imaging and
Magnetically Guided Combination Cancer Therapy

Liang Huang," Lijiao Ao," Dehong Hu," Wei Wang, Zonghai Sheng, and Wu Su*

Guangdong Key Laboratory of Nanomedicine, Institute of Biomedicine and Biotechnology, Shenzhen Institutes of Advanced
Technology, Chinese Academy of Sciences, Shenzhen 518055, P. R. China
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ABSTRACT: Integrating multiple discrete functionalities into hollow-meso- Chemotherapy
porous architecture with distinc

interest for building multifunctional drug carriers with complementary

lectronic/magnetic property is of particular

theranostic modalities. In this article, the “non-contact” incorporation of gold
nanorod (GNR) into porous magnetic nanoshell is achieved via yolk—shell
structure, which was intrinsically different from previous direct chemical or
heterogeneous conjugation of the two components. The highly preserved
plasmonic feature of GNRs enabled photothermal induced photoacoustic
imaging and hyperthermia capabilities. The magnetic shell consisted of stacked
primary iron oxide nanocrystals yields strong superparamagnetic response with
excellent permeability for magnetically targeted drug delivery. Interestingly, the
special coordination between doxorubicin and iron species enabled pH/local
heating dual-responsive drug release with minor leakage at neutral pH. Under
the guidance of magnetic resonanc

Nanocapsule

photoacoustic dual-modal imaging and
magnetically tumor targeting using the nanoagents, the photothermal-chemo synergistic therapy was conducted via near-infrared
laser for highly efficient tumor eradication.
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For Photothermal + Magnetic hyperthermia therapy
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Bio

medical applications
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