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Education and research institutes

1240 m2 of cleanroom classified area 



7

Outline

Where is Gothenburg?

Breaking down the title
Nano-optics with a spin: interplay between light and magnetism at the nanoscale
- Nano-optics and optical near-field
- Optical polarization and angular momentum
- Light and magnetism
- Why nanoscale?

Hybrid metallic-magnetic nanostructures

Plasmon-induced magneto-optical effects

Summary and future plan



8

Outline

Where is Gothenburg?

Breaking down the title
Nano-optics with a spin: interplay between light and magnetism at the nanoscale
- Nano-optics and optical near-field
- Optical polarization and angular momentum
- Light and magnetism
- Why nanoscale?

Hybrid metallic-magnetic nanostructures

Plasmon-induced magneto-optical effects

Summary and future plan



9

Optics

Electromagnetic Waves

http://www.edmundoptics.com/resources/application-notes/optics/introduction-to-polarization/

k

http://www.edmundoptics.com/resources/application-notes/optics/introduction-to-polarization/
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Nano-optics?

Optical resonances by metallic nanostructures (plasmons)

ACS Nano 7, 11064 (2013)

Simplest form  nanosphere
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Optical Near-field

Einc

k

Single NP in free space

Electrostatic approximation
Particle << wavelength

𝐸𝑖𝑛
𝐸𝑖𝑛𝑐

= −3
𝜖𝑜𝑢𝑡

𝜖𝑖𝑛 + 2𝜖𝑜𝑢𝑡

𝐸𝑜𝑢𝑡
𝐸𝑖𝑛𝑐

= −3
𝜖𝑖𝑛

𝜖𝑖𝑛 + 2𝜖𝑜𝑢𝑡

(Homogeneous)

Boundary conditions

(on NP surface)

Real metal: 𝜖𝑖𝑛(𝜔) = 𝜖′(𝜔) + 𝑖𝜖′′(𝜔) 𝐸𝑖𝑛 𝑎𝑛𝑑 𝐸𝑜𝑢𝑡 → ∞ 𝑤ℎ𝑒𝑛 𝜖𝑖𝑛 + 2𝜖𝑜𝑢𝑡 = 0

(resonance frequency)



Plasmon resonance

12

Einc

k

Single NP in free space 50 nm diameter Au NP in water

Frequency domain finite-element simulation

Near-field ∝
1

𝑟3
Decays quickly  localized in a nm3 volume (nano-optics)

Real metal: 𝜖𝑖𝑛(𝜔) = 𝜖′(𝜔) + 𝑖𝜖′′(𝜔) 𝐸𝑖𝑛 𝑎𝑛𝑑 𝐸𝑜𝑢𝑡 → ∞ 𝑤ℎ𝑒𝑛 𝜖𝑖𝑛 + 2𝜖𝑜𝑢𝑡 = 0

(resonance frequency)

Optical Near-field
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Nano-optics?

Science 325, 1513 (2009) Nano Letters 10, 1537 (2010)

Nature Mat. 10, 631 (2011) Nature Nano. 10, 429 (2015) OPN, June 2015

Broadband circular polarizer Nanodisk resonators

Gas sensor 3D imaging More …

Examples of applications:
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http://ffden-
2.phys.uaf.edu/webproj/211_fall_2014/Ariel_Ellison/Ariel_Ellison/Angular.html

http://ffden-2.phys.uaf.edu/webproj/211_fall_2014/Ariel_Ellison/Ariel_Ellison/Angular.html
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Optical polarization and angular momentum

Linear polarization Circular polarization

right-handedleft-handed

https://en.wikipedia.org/wiki/Circular_polarization

http://www.edmundoptics.com/resources/application-notes/optics/introduction-to-polarization/

https://en.wikipedia.org/wiki/Circular_polarization
http://www.edmundoptics.com/resources/application-notes/optics/introduction-to-polarization/
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Optical polarization and angular momentum

right-handedleft-handed

Nature Phot. 9, 796 (2015) <review>

Spin angular 
momentum

Orbital angular 
momentum

Extrinsic 
Orbital angular 

momentum
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Optical polarization and angular momentum

Linear polarization Circular polarization

Elliptical polarization

x

y

ɛ

Terminology: 
ɵ = rotation, 
ɛ = ellipticity (and handedness)

ɵ

http://www.edmundoptics.com/resources/application-notes/optics/introduction-to-polarization/

http://www.edmundoptics.com/resources/application-notes/optics/introduction-to-polarization/
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Light and magnetism

Lorentz force

Faraday Effect

Ԧ𝐹 = 𝑞(𝐸 + Ԧ𝑣 × 𝐵)
e

E
F

1st

e

v

2st

B
F

x

y

F

F
kF
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Light and magnetism

Lorentz force

Faraday Effect

Ԧ𝐹 = 𝑞(𝐸 + Ԧ𝑣 × 𝐵)
e

E
F

1st

e

v

2st

B
F

x

y
ɵ

𝜃 = Υ𝐵𝑑

kF

B

E

d

Anisotropy in absorption  elliptical polarized light (ɵ and ɛ)
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Light and magnetism

Magneto-optical Kerr effect (MOKE)

B

k

polar

B

longitudinal transverse

B

r(B)

Inverse Faraday effect

left-handed

Science 345, 1337 (2014) 

Quadratic magnetic rotation, Voigt effect, Zeeman effect, … 
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Magneto-optical effects at the nanoscale
 Active control nanophotonic circuits (nano Faraday/MOKE)

 High density data storage units (inverse-nano Faraday) 
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Why nanoscale?

B

Magnetically active nanomaterial

Optical 
Analyzer

Induced M

Magnetically active nanomaterial

Optical 
Analyzer
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Hybrid metallic-magnetic nanostructures

Plasmon resonance

50 nm diameter Au NP in waterWhy hybrid?

Au = plasmonics’ favorite, but not magnetically active
Ferromagnetic = lossy low field enhancement

Au-Ferromagnetic nanocones

Einc

Enearfield

Einc

Enearfield

EincEnearfield
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Hybrid metallic-magnetic nanostructures

Fabrication process: Hole-Mask Colloidal Lithography
Adv. Mat. 19, 4297 (2007) 

15mm by 15mm slide 
(100nm base Au nanocones)

Substrate 

Sacrificial layer

Polystyrene beads 

Mask 
deposition

Tape 
stripping + 

etching

Nanostructure 
deposition

Lift-off
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Hybrid metallic-magnetic nanostructures

Sample characterization

Fe?

TEM

SEM: 220nmAu+Fe
50deg tilt

Further statistical and chemical analysis needed.
Preliminary (from AFM): 260nm total height

Deduce Fe base and equivalent Fe thickness 
from geometry and density (AFM+SEM)

100nm
Au base

Fe base260nm
height
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Plasmon-induced magneto-optical effects

Resonance modes of nanocones

Einc

p-polarized

Tunable 
laser

Detector 

k-vector

E-field

Transmission measurement  extinction (1-Trans) spectra at different angles of incidence
Horizontal mode and vertical mode
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Plasmon-induced magneto-optical effects

Resonance modes of nanocones

Transmission measurement  extinction (1-Trans) spectra at different angles of incidence
Horizontal mode and vertical mode

p-polarized

Tunable 
laser

Detector 

k-vector

E-field

EincEnearfield
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Plasmon-induced magneto-optical effects

Resonance modes of nanocones

Transmission measurement  extinction spectra at different angles of incidence
Horizontal mode and vertical mode

p-polarized

Tunable 
laser

Detector 

k-vector

E-field

Horizontal 
mode

Vertical 
mode

H-mode

V-mode
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Plasmon-induced magneto-optical effects

Resonance modes of nanocones

Transmission measurement  extinction spectra at different angles of incidence
Horizontal mode and vertical mode

p-polarized

Tunable 
laser

Detector 

k-vector

E-field

Horizontal 
mode

Vertical 
mode

H-mode

V-mode
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Plasmon-induced magneto-optical effects

Faraday rotation/ellipticity measurement

PEM

45deg polarized

Applied magnetic field

Tunable 
laser

Detector 

k-vector

Lock-in amps:
Vdc, V1f, V2f

Transparent core magnetic coils

E-field

p-polarized

x

y

ɛ

Terminology: 
ɵ = rotation, 
ɛ = ellipticity (and handedness)

ɵ

H-mode



37

Plasmon-induced magneto-optical effects

Faraday rotation/ellipticity measurement

PEM

45deg polarized

Applied magnetic field

Tunable 
laser

Detector 

k-vector

Lock-in amps:
Vdc, V1f, V2f

Transparent core magnetic coils

E-field

p-polarized

x

y

ɛ

Terminology: 
ɵ = rotation, 
ɛ = ellipticity (and handedness)

ɵ

V-mode



38

Plasmon-induced magneto-optical effects

Faraday rotation/ellipticity measurement

PEM
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Plasmon-induced magneto-optical effects

Smaller Fe?
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Plasmon-induced magneto-optical effects

Smaller Fe?

Smaller Fe  higher %Fe interacts with plasmon induced near-field

V-mode
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Summary

Localized surface plasmon resonances  nanoscale light focusing  nano-optics

Light’s polarization  spin angular momentum

Light + magnetism  polarization rotation, induced ellipticity
e.g. Faraday, MOKE, inverse Faraday

Metallic-ferromagnetic hybrid nanostructure  focusing light to interact with magnetic 
material 

B

Optical 
Analyzer

x

y

ɛ

ɵ
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Future plan (my part)

Push the limit of the smallest amount of Fe (currently 12nm basewidth)

Alternative materials (more stable, retain magnetic moment)

Low power inverse Faraday at the nanoscale

B

Optical 
Analyzer
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