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(II) Introduction on Surface Plasmons (SPs) (Localized,  Spoof,  Magnetic)

(III) Magnetic SPs to enhance MR performances
+

(I) Introduction on Metamaterials in MRI

SPs

SPs



Metamaterials
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Metamaterials are arrangements of artificial structural elements, designed to achieve

advantageous and/or unusual (electromagnetic) properties
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Invisibility Cloaking

W. Cai et al. Nature Photonics (2007)
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Metamaterials applications
Electromagnetic ChiralityTHz Optics

S. Zhang et al. PRL (2009)

H. Chen Nature (2006)

Extreme asymmetric metasurfaces

Pendry, PRL (2000)

Negative refraction

Wang, PRL (2018)



Metamaterials in MRI
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The magnetic metamaterial acts as “perfect

lens” (Pendry lens) and it manipulates the rf

field detected by the surface coil so that 

the coil sensitivity and spatial localization 

are improved.

Wiltshire et al.  Science 291, 849 (2001)

Freire et al. , Appl.Phys. Lett. 93, 231108 (2008)

( )Re μ 1, 63.87m L MHz= − =

2.6 x SNR

The magnetic metamaterial shows a strong 

magnetic response at the Larmor frequency

and it is negligibly in a dc field so that it does

not affect the static magnetic field and the 

field gradients. 

We cannot use natural Magnetic materials !



Recent works in Metamaterials - MRI 
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2019- G. Duan et al., Boosting MRI signal-to-noise-ratio 

using magnetic metamaterials, Communications Physics 2, 

35 (2019).

2017 - R. Schmidt et al., Metamaterial combining

electric and magnetic-dipole-based configurations for

uniques dual-band signal enhancement in ultra-high-

filed MRI, ACS Appl. Mater. Interfaces, 9, 34618

(2017).

2016- A. P. Slobozhanyuk et al., Enhancemnet

of MRI with Metasurfaces, Adv. Mater. 28, 

1832 (2016).



Aims: Novel approach in MRI based on Metamaterials

and Surface Plasmons
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+

✓Rizza et al.,  PCT Application (2019)

✓ Rizza et al. 12, 044023 PRApplied (2019)

✓Rizza et al. 14, 034040 PRApplied (2020)

✓Rizza et al. arXiv:2010.09281v1 (2020)

SPs

Localized SPs
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Surface Plasmons (SPs) Applications
Surface Plasmons (surface waves) display several significant characteristics, viz. a resonant 

nature, a strong enhancement and a highly confinement of the local electromagnetic field

Subwavelength Waveguides

Sensors

a

Nonlinear Optics

6x 10

Homola, “Surface Plasmon Resonance based sensors”,Springer (2006)

Schlucker, “Surface Enhanced Raman Spectroscopy”,Wiley-VCH (2010)

Kauranen et al., Nature Photonics (2012) Barnes et al, Nature (2003)
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Surface Plasmons (SPs)
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Metals are negative dielectrics in the optical region

a UV
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Localized Surface Plasmons (LSPs)

A localized surface plasmon (LSP) is the result of the confinement of a surface 

plasmon in a subwavelength particle [A. V. Zayats et al., Phys. Rep. 408, 131 (2005)]
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Spoof SPs
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Metamaterials

0 

Natural

materials

Pendry et al. , Science 305, 847 (2004)
“Spoof “ SPs are surface waves

supported by metamaterials
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Magnetic SPs
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“Spoof” Magnetic Surface Plasmons

Huidobro et al, “Magnetic localized surface

Plasmons”, PRX 4 021003 (2014)

Gollub et al., “Experimental characterization of

magnetic surface plasmons”, 2005 PRB 71(19):195402



Spoof Magnetic Surface Plasmons

useful tools in MRI 
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Magnetic Resonance Setup
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Magnetic Surface Plasmons in MR setup
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✓Rizza et al.,  PCT Application (2019)

✓ Rizza et al. 12, 044023 PRApplied (2019)
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Magnetic SPs in MR setup

Full-Wave Simulations
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SNR Enhancement
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Magnetic Localized SPs in MR setup

( ) ( )

( ) ( )

1

0
1

1

cos
1

; 1,2,3,.....

cos

L

L

s

m
L

s
L

r
P r R

RL
L E E

L R
P r R

r









+

 
  

+  = − = = 
 

 
 

SR 
E

Z 1, 2mL = = − 2, 1.5mL = = − 3, 1.33mL = = −

4, 1.25mL = = − 5, 1.20mL = = − 6, 1.17mL = = −



2/26/2021 GIDRM Workshop 2020 – ONLINE 21

Magnetic Localized SPs in MR setup (3T)

Full-wave simulations
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✓Rizza et al. 14, 034040 PRApplied (2020)
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SNR Enhancement due to Localized magnetic SPs

L=3 L=4

L=5 L=6 L=7
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How to realize magnetic structures ?

➢ No ferromagnetic materials (distortion of B0)

➢ Metamaterials can be require complex fabrication (e.g., many split-ring resonators) 

➢ Metamaterials work well in the homogenization regime

(the metamaterial deep subwavelength features can be detrimental)
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Mimicking with dielectrics

Mie theory

Stratton, J. A. (1941),

Electromagnetic Theory
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Rizza et al. 14, 034040 PRApplied (2020),     Rizza et al. arXiv:2010.09281v1 (2020)
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Mimicking of Magnetic Localized SPs
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Ferroelectrics ceramics are  low-losses and 

show high dielectric constants !

S. Rupprecht, Magn. Reson. Med. 79, 2842 (2018).
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Mimicking at 3T
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Conclusions
✓ Spoof Magnetic SPs are useful tools in MR (NMR, MRI)

- SNR enhancement due to the plasmonic resonance

- SAR reduction [results not discussed today, see Rizza et al. 14, 034040 PRApplied (2020)]

- slab and spherical geometry at 1.5 T and 3 T

✓ Demonstration of Mimicking (Spoof) Magnetic Localized SPs in MR

- Analytical treatment for spherical geometry only

- Practical implementation with high-quality ferroelectrics ceramics (low-losses\high permittivity) 
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Future: 

❖Full Exploiting of plasmonics-based MR (e.g., high-order SPs , active tunability of SPs, …)

Our next step:

❖ Experimental validations of SPs in MR (slab/cylindrical/spherical geometries, others ?; study of temperature 

stability) 



Thanks for your attention

Questions? 


