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Waves in Complex Systems team

e Flexible experimental platforms in microwaves
or optics (and a hint of acoustics)

e Random Matrix Theory, effective Hamiltonian
formalism, numerical simulations

e Complex geometries : multimode optical fibres,
2D or 3D microwave cavities

* (dis)ordered lattices : coupled pywave
resonators, photo-induced/laser-written
photonic structures

e \Wave chaos — Anderson localization

e Artificial Dirac materials

e Quantum fluids of light

* [opological photonics
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INPHYNI Recall Alberto ’s lecture

|lopological photonics

This field aims to explore the physics of topological phases of matter
in a novel optical context. T.Ozawa et al. arXiv1802.04173

e 2008: First theoretical prediction Hafezi et al, Nat. Photon. / (2013)  (Chjral edge state in a
(Haldane & Raghu) attice of coupled ring

 2009: First experimental realization . resonatCieRils

(Wang et al, MIT) silicon chip.

* since there: Different strategies to , Pseudospins given by
emulate topological phases with clockwise and
photons anticlockwise modes.

TR Output

Broken time-reversal symmetry Time-reversal invariant
Temporal Magneto-optical Field symmetry Spatial symmetry
modulation (QHE) photonic crystals (QHE) /duality (QSHE) /adiabaticity Recall
(hin 108 112, yesterday’s

talks

_ Floquet topological insulators

Khanikaev & Shvets, Nat. Photon. | |, 763 (2017)



Outline

|. Microwave realization of tight-binding model

dielectric resonators, TE mode, evanescent coupling, LDOS & eigenstates

2. SSH chain: Control of topological interface states

zero-mode, selective enhancement, non-linear absorption, reflective limiter

3. 2D lattices : Lieb (and Penrose)

partial symmetry breaking, (not so) flat band, zero-mode, gap labeling (naive picture)



cxperimental setup

* Vectorial Network Analyzer (@
6~/ GHz): complex scattering
matrix;

e dielectric resonators sandwiched
between metallic plates;

* ‘kink’and loop’ antennas excite
Tk polarization:
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cxperimental setup

* Vectorial Network Analyzer (@
6~/ GHz): complex scattering
matrix;

e dielectric resonators sandwiched
between metallic plates;

* ‘kink’and loop’ antennas excite
Tk polarization:




Microwave resonator

BIEIECTRIC ceramic (ZronT10):
* high permittivity:e = 37
* |ow loss: ) ~ 7000

0.6 } S
£ o4
0.2} k
6:6 6.65 6:7
v (GHz)
e TE, Mie resonance * Energy essentially inside

@ 6.65 GHz e Fvanescent field outside



Microwave resonator

BIEIECTRIC ceramic (ZronT10):

high permittivity:e = 37
low loss: ) ~ 7000
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LDoS & eigenstates

A direct access to the density of states and intensity of
the elgenstates through:

0 ) 50a0)Pe (v arg |511(v)] = p11(v)
I‘17 Z V i Vn

for a given eigenfrequency: measure the local intensity
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(Local) Density of States
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A flexible and versatile

experimental platform
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Outline

|. Microwave realization of tight-binding model

dielectric resonators, TE mode, evanescent coupling, LDOS & eigenstates

2. SSH chain: Control of topological interface states

zero-mode, selective enhancement, non-linear absorption, reflective limiter

3. 2D lattices : Lieb (and Penrose)

partial symmetry breaking, (not so) flat band, zero-mode, gap labeling (naive picture)



Recall Alberto ’s lecture

| he simplest topological system

Bloch Hamiltonian: Hik = (f

. 1 i)
Figenstates: ¥y (1) = —= (

Topological quantity: ¢x = arg|f (k)]



INPHYNI| Recall Alberto 's lecture

| he simplest topological system

fal(k) = t1 + t2€™®

Bloch Hamiltonian: Hik = (f

1

) ::1
Figenstates: ¢y, (1) = E 5 ( it

Topological quantity: ¢x = arg|f (k)]



Iwo topological phases

t1 + to cos(k) to + t1 cos(k)
1, 3 -0 with h, = to sin(k) hg = t1 sin(k)

0 0
(@) : (hy —t1)° + k. =15 (8) : (he —t2)® + h2 =13
By h,
hj
ke|—m
=l winding number = |, Z2 =7

/ak phase corresponds to the Berry phase accumulated by the wave-
function along a path exploring the Brillouin zone.



INPHYNI Recall Pascal’s lecture

lopological interface state

In a semi-infinite system, the existence of edge states Is
determined by the topological property of the bulk wavefunction:

= mam o Z,=0= no edge state
@-0 @@ :z == cdge state

Interface between 2 distinct topological phases:

mid-gap topological interface state (zero-mode)
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* the defect breaks the sublattice (chiral) symmetry
* the Interface state Is spectrally protected and spatially confined
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selected zero-mode
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* losses on the B-sublattice through elastomer patches breaks [-symmetry

* the topological state Is spectrally and spatially unaffected



Nature Communications, 6:6710 (2015)

| 0ss-assisted propagation

transmissions between the defect
resonator and all the others:

Pl FT
SPlema ) si(1)

=)
s

N
.
-

(0[0]
-00¢

= = E
without absorption, diffraction and with absorption, the enhanced defect
interferences spoil the propagation mode dominates the propagation




lopology Is crucial

regular chain with central defect:

* |ocalized absorption or Bon |
disorder hybridizes defect o}
and extended states '

_JoX Jol JOICICICION NOIeIeielel JoX Ief
| |

topological protections

* no spectral and spatial A

-0.10 -0.05 0.00 0.05 0.10
v-vy, (GHZ)



Robust to disorder

random couplings which preserve the dimer structure

l) /4 [
~~ I ~~
% [
0.5 | | | | | |
no absorption 0.6

0.4

0.2

0.0

with or without absorption, the topologically protected defect
mode Is Insensitive to structural disorder



Robust to disorder

random couplings which preserve the dimer structure

no absorption

-5 0 S

n

with or without absorption, the topologically protect:é“éréde

0.6 |-

0.4

0.2

0.0

L F
R .’7'
w‘:s

CNOMErus

! 2
ect

n

mode Is Insensitive to structural disorder



INPHYNI

mitation

Optical |




A

=

% Recelver/sensor/circuit damage threshold

?2 .....................................................................

o Limiting threshold (LT)

e

15 .

o Dynamical range Damage threshold (DT)
>

Input power/energy

The larger the dynamical range, the better the limitation.



/deal optical Iimiter

The larger the dynamical range, the better the limitation.

New concept: lopological reflective limiter



Non linear absorption

L osses depend on the strength of the incident radiation

Self-regulated losses

VO,-Layer

Material with a dielectric to
metallic phase transition at some

critical temperature.

Antenna

Reconfigurable losses

Fast diode providing
reconfigurability of the
imrting threshold via an
externally tuned DC
voltage.




L 0ssy resonator

Varying the size
of the absorbing
patch:

Focus on demonstrating
the effect of losses at the
defect resonator on the
transport properties.
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frequency v (GHz)

Standalone lossy resonator acts
as a sacrificial limiter.
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* As |osses Increase the
transmission goes down and
absorption goes down,
meaning that the reflection
goes up.

* [he topological sifiEiss
does not overheat because It
‘protects’ the lossy defect by
decreasing the value of the
field intensity as losses are

INncreasing.
Phys. Rev. B, 95, 121409(R) (2017)
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Genuine non-linear losses

Silicon Schottky diode
(Skyworks SMS/630)

Preliminary results: [t works |

reflection
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Outline

|. Microwave realization of tight-binding model

dielectric resonators, TE mode, evanescent coupling, LDOS & eigenstates

2. SSH chain: Control of topological interface states

zero-mode, selective enhancement, non-linear absorption, reflective limiter

3. 2D lattices : Lieb (and Penrose)

partial symmetry breaking, (not so) flat band, zero-mode, gap labeling (naive picture)



| leb lattice

uniform couplings: more Iinteresting
topologically boring. .. when dimerized:

il g

* flat band on the majority sublattice

* with an appropriate choice of boundary
conditions: one extra zero-mode on the
minority sublattice (B sites)... but still
degenerated with the flat band.




Partial chiral symmetry

In the experiment, next-nearest neighbor
/77

couplings are effective: w” > w' = w

NI )
HTB(“‘(Q?@) "o )

> w

[(;ZHTB(/Z)(;Z} Herg(F)

s

e the chiral symmetry of the E

majority sublattice Is broken

e the flat band becomes dispersive

* the zero-mode Is lifted away



Engineering of defect states

| |
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INPHYNI 2D Materials 4,025008 (2017)

|lopological protection

constrained disorder generic disorder
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2D Materials 4,025008 (2017)

Selective enhancement
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Intriguing quasicrystal

In a quasiperiodic cristal, the atomic positions along each
symmetry axis are described by a sum of two or more

DErioq

ic functions whose wavelengths have an irrational

ratio (

indi et al)




— 1 nm

Bindi et al., Science 324 (2009)

Intriguing quasicrysta
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Diffraction pattern
with 5-fold symmetry |

Integrated density of states
with a staircase structure:

* Irregular step heights

* smaller steps at higher energy
resolution

e footsteps labeled by Chern
numbers



Microwave Penrose tiling
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e Penrose lattice with rhombic tiles

* |64 resonators placed at each rhombus vertex
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Dominant couplings

g Qi — . oV

Nape e S iG T = 1~ SNV IHZ

dimer trimer

dominant coupling along the diagonal of the thin rhombus



Banad structure

| | \

° 6.55 6.60 6.65 6.0 6.75 6.80
E [GHZ]
Ei=Ey — V2t ~ 6.55GHz Er = Epy + V2t 0y ~ 6.75GHZ
Ey = Ep — toaye ~ 6.58 GHz Ey = Ep + toa ~ 6.73 GHz

i— . — 0:60/GH Y



Trimer motif
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