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* TJopology in condensed matter systems

e One-dimensional chiral models
m static (SSH)

m periodically-driven

(photonic guantum walk)




Hall effect

e
Classical Hall effect (1879): : e |
when current flows in a 2D material, i © 1}
iNn presence of an out-of-plane B field, = : ]
there appears a transverse (Hall) current
RH‘ K. Von Kilitzing

Nobel lecture

Quantum Hall effect (1980):
at low temperatures and high-B,
the Hall current is quantized!

Laughlin (1982): robustness due to topology

TKNN (1982): Kubo formula links conductivity
to the Chern number, a topological invariant

defined on the occupied bands

Thouless, Kohmoto, Nightingale & den Nijs
Phys. Rev. Lett. (1982)



lopological insulators

Insulators in the bulk, but have robust current-carrying edge states

Protected by the non-trivial topology of the bulk bands against local
perturbations, like disorder and interactions

Enormous progresses in the last 10 years (QSH, 3D Tls., 4D QH, ...)

Characterization non-interacting Tls in terms of discrete symmetries

T: time-reversal

C: charge-conjugation

S: chiral

Beyond the periodic table:

IQHE, Hofstadter,
Chern insulators

chiral —»
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Mott / Anderson / crystalline / Floquet Tls, ...

Chiu, Teo, Schnyder & Ryu,
Rev. Mod. Phys. (2016)



1D chiral systems

/H\ /H\C/H\c/z\ /H\C/H\ J J T J
. ultracold atoms
polyacetilene . it | |
[Nobel prize in chemistry 2000] In super attices CaVIty polarltons
[M. Atala et al., Nat. Phys. 2013] [St. Jean et al., Nat. Phot. 2017]
pl2hk Agna/t = 0.38(1)
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ultracold atoms |
| | in k-space lattices SC qubits
optical waveguides [Meier et al., Nat. Comm. 2016] in mw-cavities

[Zeuner et al., PRL 2015] [Flurin et al., PRX 2017]



SSH model

Spinless fermions with staggered tunnelings:
Su, Schrieffer & Heeger

Phys. Rev. Lett. (1979)

Asboth, Oroszlany, & Palyi
Lecture Notes in Physics (2016)

- two sublattices

f
- a “canonical” basis where His purely off-diag: H = ( 2 }E) )

Chiral symmetry: T'HI' = —H (I': unitary, Hermitian, local)
In mom. space the Hamiltonian is 2*2, Hip = Exng - o

In the canonical basis, n; L z Ve and I =o,

i i

e
4
, "W =0 Ww=1
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The winding W

* YV may be calculated:

Hk :Eknk-a

o fromn: W:%%(nxc’?kn)z
27

o from the eigenstates: w = 7{ %S, S = i{)|Op)_)
T

Skew polarization

« What if the Hamiltonian is not known?
Can one measure the winding?

Yes, and it's simple!



Evolution In real time

 |nitial condition L e T e o e
localized on the m=0 cell: ¢ ¥ 9 o 0 ¥
SR SN S S S S S S S
1 1 1 _1 1 O 1 1 1 2 1 1 1
 Mean Chiral Displacement:
L ™ dk _y ‘ : T dk 5 t— 00
C(t) =2(I'm(t)) = 2/ o (U™"0,(i10,)U >¢0 = / 5 Sin (Et)|n X Ogn| —— W
C
 Easy to measure: |
i — j'j=1.5
C(t) = 2| (ma(t) — (mp(®)| 1
0.5z j'/j=0.5
» Fast convergence 0 AT S S5t (1]

Cardano, D’Errico, Dauphin, Maffei, ... & PM
Nature Comm. (2017)



Resistance to disorder

. . L =1
SSH model in the topological phase ji'=2j = { ZV py
gap
_|_
independent disorder of amplitude A on all tunnelings
_|_
randomly-polarized localized initial condition
_|_
average over 50 (1000) disorder realizations
4
a A=0.1" b A=1j c A=3j
2.2
sl clean ()
© DX 0 o KO S
> © 376 i o S S TSRS o

20 30 40 50 10 20 30 40 50

the MCD stays locked to the topological invariant as long as A<Agap
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Floguet 1D chiral models

photonic quantum walk of twisted photons



Digression: twisted photons

S 25"anniversary: Allen et al., PRA (1992)

Collimated monochromatic beam propagating along z
Light has linear momentum p < E* xB  (“push”)
But it can also carry also angular momentum
In the “paraxial approximation”, J, =S, + L,

0 -1

“Spin” AM: Szzh( L0 )

Orbital AM: L, = —ifi(r x V),

SAM interaction OAM interaction
circularly polarized light light with OAM
interacts with the rotates a particle
particle’s spin around the beam axis
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Twisting light

e Helical modes have a phase pattern eim¢

e Their OAM is quantized, Am

Franke-Allen & Radwell
Optics&Photonics News (2017)

OAM Generation Methods

Spiral phase plate

This is the most direct way to generate
OAM. A glass plate with a refractive index n
and azimuthally varying thickness changes
the optical path length, generating the
characteristic twisted phasefront.

n/2 converter

This method converts a diagonally aligned

~_V2f Hermite-Gauss mode into a Laguerre-Gauss
mode by introducing a Gouy phase shift

between the vertical and horizontal

direction using two cylindrical lenses.

F

enient method today is

tal holograms displayed

on an SLM. This allows generation of
light with arbitrary phase and
amplitude, including OAM beams
and their superpositions.

. 1
Optical ‘ferris wheel’ N + V"4 LGY

Porro prism resonator

Two Porro prisms, forming the end
mirrors of a laser cavity, produce
superpositions of positive and negative
0AM modes where the mode order is
dictated by the relative orientation

of the two prisms.

Q-plate

In a Q-plate, the optical axes of liquid
crystals are rotated with respect to the
center of the device. This couples the
spin and orbital parts of light's angular
momentum, resulting in the

Left circular generation of OAM.
polarization

Right circular
polarization

Fresnel cone

Reflection from a conical geometry

~ produces OAM through acquisition of
a geometric phase. In addition, glass
cones use phase shifts arising from
Fresnel's equations to shape

the polarization.

=2 o
Polarization 2 Phase
profile profile
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Q-plates
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e Liquid crystals deposited on glass plates
along singular patterns
cause phase retardation of the beam
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e Q-plates mix OAM and SAM:

(“spin-dependent translation”) s'é"’és vevedll

* An external voltage controls the orientation of the LCs, and therefore
the mixing parameter 6

= >

[Marrucci et al., Phys. Rev. Lett.(2006)]

14



Discrete-Time Quantum Walk with twisted photons

e Cascade of Q-plates and quarter-wave plates— discretized evolution

_1 1 —1
 Initial state: m=0 OAM, and a given polarization 2 ( !

Twisted photons
OAM (m)
polarization (C/0O)
Q-plate
Z

DTQW
walker’s position
coin state (1/1)

conditional displacement

time

[Cardano et al., Science Advances (2015)]
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Discrete-Time Quantum Wa\k

Periodic evolution: may be treated via Floquet theory

One-step evolution operator U =  H.g = i(logU)/T
In momentum space, Heg(k) = Exng - o
The spectrum of Heg is 2n-periodic (quasi-energies Ei)

T+C+S symmetries: BDI class —> same invariant as the static SSH model

Cardano, D’Errico, Dauphin, Maffei, ... Marrucci, Lewenstein & PM
Nature Comm. (2017)
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Detecting the invariant

0 m/2 m 3m/2 27

dk
Winding: W= ]{ o (n X Okn),

Experimental measurement of the MCD
after 7 timesteps of the DTQW
with twisted photons:

(e/e): different initial polarizations

Check bulk-boundary correspondence

Spectrum with edges: darker colors: |
“edgier” states @ 57 seeeeceee

Bulk-boundary correspondence violated?

N[ X+



Timeframes

Different initial ¢y lead to different U

Eigenvalues of Heg don't depend on

»I

U;

Eigenstates instead do! And so does the winding W =W # W

Timeframes invariant under time-reflection (U; and Us) are special

# of O-energy edge states: Cp = (W, +W»)/2

# of n-energy edge states: C, = (W1 — Wh)/2

[Asboth and Obuse, PRB (2013)]
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Winding in an alternative timeframe

Measurement of the MCD with protocol Us:

—

a
b N .|
0 b ]

VQs = Qs

(e/e): different initial polarizations

19



Bulk-boundary correspondence

a X

W,““““““““iiw _O

Theory: = 0

Measurements:

20



Robustness to noise

* Adding noise to a irivial/non-trivial configuration:

clean (¢)

(e/®): averages over 10 disorder realizations

21



Recent developments

 Extension to multi-band models: w-i o

d/a
o

Maffei, Dauphin, ..., and PM
New J. Phys, in press (arXiv 2017) B W=1

* Topological transitions
driven by disorder:

[work in progress]|

e 2D Hofstadter strips (ladders)

Mugel, Dauphin, PM et al.
SciPost Physics 3, 012 (2017)
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Conclusions

The mean chiral displacement captures the winding of 1D chiral
systems (both static and periodically driven)

Detection of MCD is simple, rapid, and robust to disorder and noise

Topological characterization of Floguet systems
by studying different timeframes

Extending the MCD to other topological classes”

Interacting systems”

|
thank yow"

23



