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Part 1: Introduction to Photonic Topological Insulators
[collaboration with group of M. Segev and A. Szameit]



Nobel prize for physics: 2016

“For theoretical discoveries of topological phase 
transitions and topological phases of matter.”



Topological physics

A system described by a topological number must be robust

Royal Swedish Academy



Quantum Hall effect

uncommongoods.com



Motivation: bring topological robustness into photonics

Dr. Gary Patton, IBM:  “Innovations for Next Generation Scaling” Industry Strategy Symposium, Napa, CA, Jan 15, 
2013



What are topological insulators?

- Topological insulators are insulators in the bulk but metallic on the edges.

- Most importantly: the edge states are scatter-free!

- Why?

V(x)

Kane and Mele, Phys. Rev. Lett. 95, 226801 (2005) 

Hsieh et al., Nature 452, 970-974 (2008)

Hsieh et al., Nature 460, 1101-1105 (2009)

Hughes et al., Science 314, 5806, 1757-1761 (2006) 

Chen et al., Science 325 (5937) 178-181 (2009) The topological robustness arises 
from the edge states



Wang et. al., PRL (2008) Wang et. al., Nature (2009)

M. Soljacic’s microwave experiment: 2009

Raghu and Haldane, 2008



Magnetism in photonics

Magnetic response is inherently weak at optical frequencies

(1) Hafezi, Demler, Lukin, Taylor, Nature Phys. (2011): CROWS [+ Nature Photon. (2013)]
(2) Umucalilar and Carusotto, PRA (2011): using spin as polarization in PCs
(3) Fang, Yu, Fan, Nature Photon. (2012): electrical modulation of refractive index in PCs
(4) Khanikev et. al. Nature Mat. (2012): birefringent metamaterials [+ Nature Mater. (2016)]

The big question: 
How can we strongly break 

time-reversal symmetry  
in optics?



Experimental system: photonic lattices

Peleg et. al., PRL (2007) 

Paraxial Schrödinger equation:

Array of coupled waveguides

Envelope approximation for electric field:



Derivation of paraxial approximation



Derivation of paraxial approximation



Helical rotation induces a gauge field

- Floquet TIs: Kitagawa et al., PRB (2010); Lindner et al., Nature Phys. (2011).



Gauge field through helicity



Experimental system: photonic lattices
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Our system: topological protection against transverse backscattering
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Graphene opens a Floquet gap for helical waveguides
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Band gap
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Graphene opens a Floquet gap for helical waveguides

kxa

Top  
edge

Edge states

Bottom  
edge

kxa



“Time”-domain continuous simulations

Y. Chong, “Photonic Insulators with a Twist” Nature News and Views, 496, 173-174 (2013)



Experimental results: rectangular arrays

Microscope image

MCR et al., Nature 496, 196-200 (2013)



Experimental results: group velocity vs. helix radius, R

R = 0!m(b) R = 2!m(c) R = 4!m(d) R = 6!m(e)

R = 8!m(f) R =10!m(g) R = 12!m(h) R = 14!m(i) R = 16!m(j)
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R =10!mR =0
R, 

b c d e f g h i j

R = 0!m



Experimental results: triangular arrays with defects

missing waveguide R = 8!m 
z = 10cm



(R,Z) = 
(106µm, 
2.4cm)

Observation of a topological transition

(R,Z) =  
(20µm,  
1.0cm)

1 dB/cm

High bending loss

Guglielmon et al., Phys. Rev. A 97, 031801 (2018)



Interactions/nonlinearity: topological solitons

i@z = HT � | |2 

Superfluid like…



Topological Quasicrystals



Dan Shechtman
Nobel Prize 

2011

What are quasicrystals?



Why study (photonic) quasicrystals?

Levi et al., Science 332, 1541 –1544 (2011).

- Fundamentally interesting: between disorder and periodicity; no k, 
no Bloch’s theorem, rethink the nature of wave physics.

- Isotropic “Brillouin zone” means larger 2d gaps for low !2/!1.

- Novel nonlinear behavior.

- Surprising effects, e.g., disorder-enhanced transport.

- Open question: do 3d photonic QCs have band gaps?

Chan et al., Phys. Rev. Lett. 80, 956–959 (1998); Tanese et al., PRL 112, 146404 (2014) .

Rechtsman et al., Phys. Rev. Lett. 101, 073902 (2008).

Man et al., Nature 436, 993–996 (2005).

Freedman, B. et al. Nature 440, 1166–1169 (2006).



Quasicrystal bulk states

Fractal states

… strange 
transport 
properties 



What happens in a Floquet’ed quasicrystal?



Topological gaps!

This is a quantum anomalous Hall effect (Haldane model) for quasicrystals!

new class of quasicrystalline states

Phys. Rev. X 6, 011016 (2016)



M. Bandres, MCR, M. Segev, PRX (2016) 

Topological edge states!



Topological edge states!



Topological regions are fractal-like

Conjecture: within any band, there are an infinite number of topological gaps



Topological slow light via BZ winding
J. Guglielmon and M. C. Rechtsman, Phys. Rev. Lett. 122, 153904 (2019).



Idea: topological slow light

Vlasov, Yurii A. et al., Nature 438, 7064 (2005).

Obstacles:

- In-coupling

- Bandwidth

- Backscattering

Vlasov, Yurii A. et al., Nature 438, 7064 (2005).

Obstacles:

- In-coupling

- Bandwidth

Can we use topological edge states?  
They don’t backscatter…

M. Notomi et al. (2001); T. Baba (2008)



Obvious ideas

Note that both methods sacrifice bandwidth

Reduced bandgap Weak 
disorder 
protection! Narrow-band slow modedisorder 
protection

Narrow-band slow mode

J. Guglielmon



Topology forces edge mode to 
fully cross the gap

One mode which wraps multiple 
times around Brillouin zone as it 
crosses the gap

Increased winding around BZ

Wideband
Strong disorder protection

" Perfect in-coupling
" No backscattering
" High bandwidth (whole gap)

Extra notes:
" Not simply band folding
" Single-mode, even with large winding
" Won’t work if it’s not topological

Periodic Brillouin Zone

Increase winding

J. Guglielmon and M. C. Rechtsman. Phys. Rev. Lett. 122, 153904 (2019).



Slow all in-gap 
states

Forbidden by topology

How do we do it?

t → 0



J. Guglielmon and M. C. Rechtsman. Phys. Rev. Lett. 122, 153904 (2019).

Engineering the edge…



Initial band structure

Final band structure

Where do the new edge states come from?

… this defines an invariant



As winding increases, the edge modes utilizes more bulk sites

(bottom of gap) (top of gap)

“Unused real estate” 
of a 2D PTI utilized to 
enable wideband 
operation

Confinement of slow light edge modes



These slow chiral edge states resist the severe backscattering associated with a 
reduced group velocity:

Trivial slow pulse
with disorder

Topological slow pulse
with disorder

Robust slow light


