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CONVENTIONAL NONRECIPROCAL COMPONENTS
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NONRECIPROCITY BASED ON MAGNETIC BIAS

Circular Birefringence
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MAGNETICALLY BIASED NONRECIPROCAL DEVICES

Massive devices at microwaves, IR, optics
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DO WE NEED MAGNETIC BIAS?

Onsager-Casimir Principle

Port | B Port j

Sij (B)= Sji (-B)
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Odd vector under time reversal

Magnetic Field Direct current  Linear Momentum  Angular Momentum
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OTHER AVAILABLE APPROACHES

Magnetic Field Direct current Linear Momentum  Angular Momentum
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[ Only at low microwaves

O Significant power

consumption

O Limitations on technology

Kodera, T., Sounas, D. L. & Caloz, C. Appl. Phys. Lett. 99, 03114 (2011)
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OTHER AVAILABLE APPROACHES

Magnetic Field Direct current Linear Momentum  Angular Momentum

Ag = Ag,_ cos(Qt+qz)

e

w (2nc/a)

4 Very large volumes k, (2n/a)

O Non-uniform modulation across the waveguide cross-section
Yu, Z. & Fan, S. Nature Photonics 3, 91-94 (2009)
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ANGULAR-MOMENTUM BIASING?

Magnetic Field Direct current  Linear Momentum  Angular Momentum
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ANGULAR-MOMENTUM BIASING: A ZEEMAN META-MOLECULE
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AN ACOUSTIC RING CAVITY: MODE SPLITTING
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AN ACOUSTIC CIRCULATOR!
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MODE EVOLUTION
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R. Fleury, D. L. Sounas, C. Sieck, M. Haberman, A. Alu, Science in press (2014)
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AN ACOUSTIC CIRCULATOR

Area filled with
melamine foam

Source loudspeaker hole

Microphone hole
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AN ACOUSTIC CIRCULATOR

R. Fleury, D. L. Sounas, C. Sieck, M. Haberman, A. Alu, Science in press (2014)
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AN ACOUSTIC CIRCULATOR
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R. Fleury, D. L. Sounas, C. Sieck, M. Haberman, A. Alu, Science in press (2014)
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HOW ABOUT EM WAVES? AZIMUTHAL SPATIO-TEMPORAL MODULATION

Magnetic Field Direct current  Linear Momentum  Angular Momentum

Effective Zeeman Effect Ae(p,t)=Ag. cos(at— L @)
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O Strong response & small footprint
0 Microwaves to visible

d Weak modulation Sounas, D. L., Caloz, C. & Alu, A.
O Moderate bandwidth Nature Communications 4, No. 2407 (2013)
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OPTIMAL CHOICE OF AZIMUTHAL SPATIO-TEMPORAL MODULATION

Ag(p,1) = Ag,, cos(w, t —1p)
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U Doable in microwaves

U Impossible in optics!
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E :@//“ produce strong non-reciprocity!

U Applicable over the entire EM
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OPTICAL ISOLATOR PRINCIPLE
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ST-MODUILATED RING - COUPLED-MODE EQUATIONS
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ST-MODULATED RING - LOSS + EXCITATION
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TRANSMISSION COEFFICIENTS
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ZERO TRANSMISSION CONDITION
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BANDWIDTH REQUIREMENTS
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ANGULAR-MOMENTUM-BIASED OPTICAL ISOLATOR
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ST MODULATION DISCRETIZATION: 3 STEPS
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ST MODULATION DISCRETIZATION - 3 STEPS
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ST MODUILATION DISCRETIZATION — N STEPS
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RF METASURFACE ISOLATOR FOR CIRCULARLY POLARIZED WAVES

Transmission (dB)
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RF ISOLATOR FOR CIRCULARLY POLARIZED WAVES
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RF MAGNET-LESS INTEGRATED CIRCULATOR

Without modulation
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NON-RECIPROCAL ANGULAR-MOMENTUM BIASED METAMATERIALS

Magnetic-free, linear, giant nonreciprocity at the subwavelength scale: angular-
momentum biased meta-atoms, coupled to a circularly-symmetric high-Q resonance
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