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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

z
z

Our system: topological protection against transverse backscattering

x x



Graphene opens a Floquet gap for helical waveguides

kx

ky

Band gap

Straight

Helical



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

R = 8µm(f) R =10µm(g) R = 12µm(h) R = 14µm(i) R = 16µm(j)

(a)

R =10µmR =0
R, 

b c d e f g h i j

R = 0µm



Experimental results: triangular arrays with defects

missing waveguide R = 8µm 
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)
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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 ε2/ε1.

- 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

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 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



Part 3: Experimental observation of optical Weyl points
(with Y. Chong, NTU-Singapore and D. Leykam, IBS-Korea and K. Chen group, Pittsburgh)

Noh et al., Nature Physics (2017)



Some more background on Dirac points in photonics

Huang et al., Nat. Mat. 10, 582 (2011):
CT Chan group

Peleg et al., PRL 98, 103901 (2007):
Segev group

Moitra et al., Nat. Photon. 
7, 791 (2013): Valentine group

Jacqmin et al., PRL 112, 116402 (2014): 
Bloch/Amo group

Zhen et al., Nature 525, 354 (2015): 
Soljacic group

Song et al., Nat. Comm. 6, 
6272 (2014): Z. Chen group

Potential applications in 2D: 
- Precursor to photonic topological insulators;
- ENZ Materials;
- Large-area single-mode lasers
- Exceptional rings and photonic tachyons…



Weyl points: 3d analogue of Dirac points

- All unique properties of graphene arise from its Dirac points:

- In 3d, Weyl point cannot be lifted!
- Associated with magnetic monopole of the Berry curvature.
- Novel behavior in condensed matter systems (Fermi arcs, …)
- Associated with a topological phase transition 
- Large-volume single-mode lasing? (Bravo-Abad et al., PNAS: 9761 (2012))

Attribution: Max Planck for the Science of Light, press release



Weyl points: previous work

Lu et al., Science 349, 622 (2015) [prediction: Lu et al., Nature Photonics 7, 294 (2013)]

Xu et al., Science 349, 613 (2015)
See also: Lv et al., PRX 5, 031013 (2015)



Lu et al., Nat. Photon 7, 
294 (2013)

Bravo-Abad et al., 2D Mat., 
2, 034013 (2015)

Xiao et al., Nat. Phys.,  
11, 920 (2015)

- Gao et al., arXiv:
1511.04875 (2015)
- Yang et al., arXiv:
1601.07966 (2015)
- Xiao et al., PRL., 
117, 057401 (2016)
- Chen et al., arXiv:
1612.04681 (2016)

Weyl points: previous work in photonics / phononics

Peng et al., ACS Photonics 3, 1131 (2016)

Progress towards mid-infrared Weyl points:

- Peng et al, APS-MM H1.00296 (2015)
- Peng et al., APS-MM S52.00013 (2016)
- Goi et al., CLEO, JTu5A.101 (2015)
- Goi et al., CLEO-2016, SM3R.3 (2016)

Also, 3D topological insulators: Lu et al., (Soljacic group) Nat. Phys. 12, 337 (2016);
Slobozhanyuk et al. (Khanikaev group), Nat. Photon. 11, 130  (2017) 

Fruchart et al., PNAS,  
115 (2018)

Goi, Elena, et al. "Observation of Type I Photonic Weyl Points 
in Optical Frequencies." Laser & Photonics Reviews 12.2 
(2018): 1700271.



How can we get Weyl points?

Well… 2 + 1 = 3.



Our system: photonic TI with a topological transition



Our system: photonic TI with a topological transition



Type-II Weyl points

Soluyanov, Alexey A., et al. "Type-II Weyl semimetals." Nature 527.7579, 495-498 (2015).



Type-II Weyl points implies conical diffraction



Experimental results: conical diffraction at Weyl point



2d edge states are 3d “Fermi arc” surface states



Experimental observation of Fermi arc surface states



Part 4: Non-Hermitian ‘Weyl exceptional rings’
(with Y. Chong, NTU-Singapore and K. Chen group, Pittsburgh)

Cerjan et al., arXiv:1808.09541 (2018)



Effect of non-Hermiticity on Weyl points

- Non-Hermiticity is an ever present aspect of optical systems (gain/loss)

- Use of non-Hermiticity: e.g., gain can balance loss to maintain functionality
• Bender, Carl M., and Stefan Boettcher, Physical Review Letters 80.24, 5243 (2008).
• Makris, Konstantinos G., et al., Physical Review Letters 100.10, 103904 (2008).

- Use of non-Hermiticity: extreme sensitivity at ‘exceptional points’
• Hodaei, Hossein, et al., Nature 548.7666, 187 (2017).
• Chen, Weijian, et al., Nature 548.7666, 192 (2017).



Effect of non-Hermiticity on Weyl points

Helical waveguide arrays can be 
constructed to exhibit a Weyl point

Add gain and loss to the system, 
Weyl point à charged exceptional ring

Weyl exceptional 
ring



Effect of non-Hermiticity on Weyl points

Increasing coupling constant (wavelength)

Topologically 
trivial bandgap

Topological transition – Weyl 
exceptional ring

Topologically non-trivial 
bandgap

And protected chiral edge states can 
be seen (Fermi arcs)



How do we look for the exceptional ring in real space?

To observe a Weyl point, look for radial propagation 
from constant group velocity 

Instead, within Weyl exceptional ring the bands are 
flat à no radial propagation (wavelength)

Increasing gain and loss 
flattens the radial 
propagation

Stronger gain/loss



Inducing non-Hermiticity: adding ‘breaks’

In a real waveguide system, very difficult to add 
gain.
à Instead create no-loss / loss system, by 

adding breaks in one sublattice of 
waveguides

à Tune the amount of loss by changing the 
length of these breaks



Inducing non-Hermiticity: adding ‘breaks’

The addition of loss decreases the wavelength of the topological transition.
à There should exist wavelengths for which the non-Hermitian system exhibits 

protected surface states, and the Hermitian system does not.



Observing the presence of the exceptional ring in real space

Given that there is a topological transition for increasing break size, 
do we see a Weyl point?

No longer have constant radial group velocity, and we no 
longer see a peak in the radial propagation distance at the 
topological transition.

No! We see a Weyl exceptional Ring!
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 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



Part 3: Topologically protected zero-modes in 2d systems
(collaboration with T. Hughes, W. Benalcazar, UIUC and Chen group, Pittsburgh)

Noh et al., Nature Photonics (2018)



Can we protect lower-dimensional cavity-like modes?
In what sense?



O. Painter et al. Science 284, 1819 (1999)

D. Englund et al. Phys. Rev. Lett. 95 (2005)

J.C. Knight et al. Science 284, 1819 (1999)

R.F. Cregan et al. Science 285, 1537 (1999)

Motivation: protecting modes in two-dimensional photonics
Photonic crystal slabs Photonic crystal fibers



Shockley / SSH states in 1d

N. Malkova et al., Opt. Lett. 34, 1633 (2009)
A. Poddubny et al., ACS Photonics 5, 101 (2014)

W. Shockley Phys. Rev. 56, 317 (1939) A. Blanco-Redondo et al., 
Phys. Rev. Lett. 116, 163901 (2016)



Shockley / SSH states in 1d

Protection against
off-site disorder!



• Finding realizations of topological states that manifest themselves via 
defect states, e.g., corner or disclination localized modes

• Zero-dimensional defect modes in time-reversal invariant topological 
insulator structures:

W. A. Benalcazar et al., Phys. Rev. B 89 224503 (2014) (T. Hughes Group)

SSH in 2d?



Paraxial propagation and our structure

L.-H. Wu et al., Phys. Rev. Lett. 114, 223901 (2015)

W. A. Benalcazar et al., Phys. Rev. B 89 224503 (2014)

Barik et al., arXiv. 1605.08822  (2016)



Paraxial propagation and our structure

Trivial phase

Critical phase

Topological phase



Protection of defect modes



Experimental results

Increase in wavelength → Evolution in time.



We will probe the corner modes

c d e



Using the auxiliary “straw” waveguide to probe zero modes



Trivial modes Zero + trivial modes

Observing beating between topological and trivial modes

1.00 ± 0.06 2.09 ± 0.11


