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A topological insulator is a material with non-trivial topological order, which 
enables the operation as an insulator in the bulk, but that conducts on the surface.

The conduction states are symmetry protected, and they are associated with unsual
phenomena, such as strong robustness to disorder, and the quantum Hall effect
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Static Magnets

Lorentz reciprocity theorem

ම𝐉1 ⋅ 𝐄2𝑑𝑉 =ම𝐉2 ⋅ 𝐄1𝑑𝑉

Ӗ𝜀 = Ӗ𝜀T

Ӗ𝜇 = Ӗ𝜇T

Linear materials

Time-invariant materials

Z Wang, Y. Chong, J. D. Joannopoulos, 
M. Soljačić, Nature 461, 772 (2009)
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Ӗ𝜀 = Ӗ𝜀T

Ӗ𝜇 = Ӗ𝜇T

Linear materials

Time-invariant materials
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R. Fleury, D. L. Sounas, C. Sieck, M. Haberman, A. Alù, Science 343, 516 (2014)



A. Alù –Topological Insulators for Light and Sound: Breaking Reciprocity with Metamaterials 10

Lattice Unit Cell

A

B

A. Khanikaev, R. Fleury, H. Mousavi, and A. Alù, Nat. Comm. 6, 8260 (2015)
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A. Khanikaev, R. Fleury, H. Mousavi, and A. Alù, Nat. Comm. 6, 8260 (2015)
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Reconfigurable waveguides, broadband isolators…

A. Khanikaev, R. Fleury, H. Mousavi, and A. Alù, Nat. Comm. 6, 8260 (2015)
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4105 !

~ 7,000

m

Q

   1mQ  

D. L. Sounas, A. Alù, ACS Photonics 1, 198 (2014)
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6000 deg/wavelength!

D. L. Sounas, C. Caloz, and A. Alù, Nature Commun. 4, 2407 (2013)



A. Alù –Topological Insulators for Light and Sound: Breaking Reciprocity with Metamaterials 18

~ 70

N. A. Estep*, D. L. Sounas*, J. Soric, and A. Alù, Nature Phys., 10,  923 (2014)
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Differential 1st Order Bandpass Delta

• Reduction of all IM products (entire 

cancellation without random mismatches)

• Improves several metrics including IL and BW

• Reduces modulation frequency and power 

consumption

• Allows the use of less-scaled technologies to 

improve power handling
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N. Estep. D. Sounas. A. Alù, Nature Physics 10, 923 (2014)
R. Fleury, A.B. Khanikaev and A. Alù,, Nature Communications, 7, 11744 (2016)
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F = 𝑞𝑣𝐵 = 𝑚𝑣2/R

R = 𝑚𝑣/𝑞𝐵

0 5deg 

6 /airv m s
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Topological propagation requires large phase delays across unit cells

Can we induce large phase delays within deeply subwavelength footprints?
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M. Darvishi, R. van der Zee, B. Nauta, IEEE JSSC 48, 2962 (2013)
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N-path filter

In a totally different field, the integrated circuit community has been solving this 

problem using time modulation!
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N. Reiskarimian, H. Krishnaswamy, Nature Comm. 7, 11217 (2016)
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T. Dinc, M. Tymchenko, A. Nagulu, D. Sounas, A. Alù, H. Krishnaswamy, under review (2017)

Generalizing N-path filters: commutated delay lines
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To avoid reflections, a parallel path with complementary switching can be added

Non-reciprocal phase with no transmission loss

Non-Reciprocal

Phase!
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Non-reciprocal phase difference of 180o over a theoretically infinite BW

Non-Reciprocal

Phase
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Doubly – balanced structure has wider non-reciprocal phase bandwidth

Doubly – Balanced NR Element

Singly – Balanced  NR Element
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Lossless transmission in forward direction and perfect 

isolation in reverse direction over a theoretically infinite BW
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T. Dinc, M. Tymchenko, A. Nagulu, D. Sounas, A. Alù, H. Krishnaswamy, under review (2017)
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Lorentz reciprocity theorem

ම𝐉1 ⋅ 𝐄2𝑑𝑉 =ම𝐉2 ⋅ 𝐄1𝑑𝑉

2E

Non-linear medium

1E

Non-linear medium

inP inP1 2

2(3)

NL   E

Chi-3 non-linearity

P. Saboo, J. Joseph, Appl. Opt. 52, 8252–8257 (2013)
L. Fan, et al., Opt. Lett. 38, 1259–1261 (2013)

Y. Shi, Z. Yu, S. Fan, Nature Photon. 9, 388–392 (2015)
A. M. Mahmoud, A. Davoyan, N. Engheta, Nature Comm. 6, 8359  (2015)

Ӗ𝜀 = Ӗ𝜀T

Ӗ𝜇 = Ӗ𝜇T

Linear materials

Time-invariant materials
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D. Sounas, A. Alù, Phys. Rev. Lett. 118, 154302 (2017)
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D. L. Sounas, J. Soric, and A. Alù, under review (2017)

L2 L2
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Y. Hadad, A. B. Khanikaev, and A. Alù, Phys. Rev. B 93, 155112 (2016)



A. Alù –Topological Insulators for Light and Sound: Breaking Reciprocity with Metamaterials 51

Lowest 
eigenfrequencies

outside the BG

The edge state decays 
to non-zero plateau

Bandgap in dashed 
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Intensity increase yields 
decreased coupling 

between edges
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Low input intensity:

High input intensity:

“Local” winding 
number

Y. Hadad, A. B. Khanikaev, and A. Alù, Phys. Rev. B 93, 155112 (2016)
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Slow soliton
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Fast soliton
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κ∞ = 0.2ω0, κ = 0.45ω0, ν = 0.4ω0
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C. Coulais, D. Sounas, A. Alù, Nature 542, 461 (2017)
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C. Coulais, D. Sounas, A. Alù, Nature 542, 461 (2017)

Δ𝑢 = 𝜅(𝜃)𝐹0
2
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Magnetic-free, linear nonreciprocity at the 
subwavelength scale: angular-momentum biased 

meta-atoms

These concepts span a broad range of physical 
mechanisms, from acoustics to RF, mid-IR, 

optics, mechanics, statics, and more.

Nonlinearity and asymmetry to build 
optimal isolators and non-reciprocal 

devices

Topological metamaterials for broadband, one-
way, reconfigurable signal transport


