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OUTLINE
• HIGH-FREQUENCY MAGNETISM

• LANDAU-LIFSHITZ PERMEABILITY ARGUMENT

• HOMOGENIZATION OF METAMATERIALS: 
ELECTRODYNAMICS OF CONTINUOUS MEDIA

• ATOMS vs. SPLIT RINGS AND SPHERES

• PLASMON RESONANCES

S MM/ 1<< λ ε μ ≈if then

Sε
|← →|

S SIm / 1ε = κ >> λ >> S SRe ~ / 1nε = λ >>

PERFECT DIAMAGNET
µS ª 0

PERFECT PARAMAGNET
µS ª •



NEGATIVE REFRACTION

PERFECT
ABSORBER

µMM ≡ εMM

µMM < 0
εMM < 0



NEGATIVE REFRACTION
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ε<0
μ<0

V. G. Veselago, Sov. Phys. Usp. 10, 509 (1968)
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BEYOND THE DIFFRACTION LIMIT: NEGATIVE REFRACTION

ε ≡-1
μ ≡-1

SINGULARITY
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PROBLEMS
2D vs. 3D

(impedance sheet vs. bulk)  

graphene vs. graphite

vs.kaL<<1?

C. L. Holloway, Metamaterials 3, 100 (2009)MM
(at high frequencies)
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LANDAU-LIFSHITZ PERMEABILITY ARGUMENT
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⎝ ⎠∫ M r Ptotal magnetic moment

uniqueness and significance of M

cM ~ v2/c2 ~ aL2/λ2 nS ~ λ/ or κS >> λ/

La L<< << λ

when does M represent the magnetic-dipole density?
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METAMATERIALS and MOLECULAR SOLIDS 

C/V≡M m

L( / )a>> λm p
ambiguity is removed if

/ 2i c→ − ωΔ ×m m r p
coordinate change

origin varies from cell to cell

C C| |~ | |~V Vp mE H

high-εS substances

( )2
C L C| |~ | |~ /V a Vλp mE H

non-resonant induced moments (molecules)
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First Homogenization Step: Induced Multipoles and Single Particle Scattering
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Small Spheres (λ0>>RS) vs. Molecules
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SCATTERING BY A SPLIT-RING
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LC RESONANCE CAVITY-LIKE RESONANCES

nSka ª 5p/4, 9p/4, 13p/4 

PLASMON RESONANCE

. 0d =∫ E lw2=c2/LC

RM, PNAS 106, 1693 (2009)

r0 >> a >>g



LC & SKIN-DEPTH RESONANCES
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PLASMON RESONANCES: 
OPTICAL FREQUENCIES (|ε| < 100)
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LORENTZ-LORENZ, CLAUSIUS-MOSOTTI & LEWIN FORMULAS
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CONCLUDING REMARKS
HIGH-FREQUENCY MAGNETISM

S SIm / 1ε = κ >> λ >> S SRe ~ / 1nε = λ >>

P

P/c
λ >> >> λ
δ ≈ ω

METALS
λ  > 2.5 µm

FERROELECTRICS
LOW-FREQUENCY TO PHONONS

FAR-INFRARED
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