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A first-off-its-kind acoustic circulator 

Available approaches to break 
reciprocity 

Angular-momentum biased 
‘Zeeman’ meta-molecules 

Proposed electromagnetic 
devices: from RF to optics 

cos( 2 )m mt      
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Circular Birefringence 

n n

B

Larmor precession Zeeman splitting 
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~10 mm 

λ~1 μm 

Massive devices at microwaves, IR, optics 

Inherently narrow bandwidths 

~ 100 MHz 

Thorlabs 

Bi, L. et al. Nature Photonics 5, 758–762 (2011) 
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Onsager-Casimir Principle 

Port i Port j B

() )(ij jiSS  B B

Odd vector under time reversal 

Magnetic Field Linear Momentum Angular Momentum Direct current 
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Magnetic Field Linear Momentum Angular Momentum Direct current 

p

L

Transistor 

DCI

 Only at low microwaves 

 Significant power 

consumption 

 Limitations on technology 

Kodera, T., Sounas, D. L. & Caloz, C. Appl. Phys. Lett. 99, 03114 (2011) 
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Magnetic Field Linear Momentum Angular Momentum Direct current 

p

L

cos( )m t qz     

 Very large volumes 

 Non-uniform modulation across the waveguide cross-section 

Yu, Z. & Fan, S. Nature Photonics 3, 91-94 (2009) 
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Magnetic Field Direct current Linear Momentum 

p

Angular Momentum 
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 0 / 3/ 1 2optv c Q

R. Fleury, D. L. Sounas, C. Sieck, M. Haberman, A. Alù, Science in press (2014) 
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Source loudspeaker hole 

Microphone hole 

Area filled with 

melamine foam 
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R. Fleury, D. L. Sounas, C. Sieck, M. Haberman, A. Alù, Science in press (2014) 
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R. Fleury, D. L. Sounas, C. Sieck, M. Haberman, A. Alù, Science in press (2014) 
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( , ) cos( )m m mt t L      
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Effective Zeeman Effect 

 Strong response & small footprint 

 Microwaves to visible 

 Weak modulation 

 Moderate bandwidth 

Magnetic Field Direct current Linear Momentum 

p

Angular Momentum 

L

Sounas, D. L., Caloz, C. & Alù, A.  

Nature Communications 4, No. 2407 (2013) 
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

m
1
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 Doable in microwaves 

 Impossible in optics! 

0m

 Almost zero modulation can 

produce strong non-reciprocity! 

 Applicable over the entire EM 

spectrum  
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weak modulation 

Ideal for RF as well as  

optics! 
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z

1f

Fano resonance → High Q 
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z

6000o/wavelength ! 
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Without modulation 

With modulation 
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