\J

Labomto:‘r Ondes et Matiére d'Aquitaine E(N)IE%{SEI;&E'.?XE

School of Modern Optics

7 May 2013, Puebla, Mexico

Liquid crystals and optical singularities

Etienne Brasselet

Singular Optics & Liquid Crystals group

www.loma.cnrs.fr/spip.php?rubrigue331

Laboratoire Ondes et Matieres d’Aquitaine
CNRS, Université Bordeaux 1, France


http://www.loma.cnrs.fr/spip.php?rubrique331�

1. Introduction to singular optics



Topological defects of light : Singular optics

E =|E [e"|e e

Different kinds of singularities in optics
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Topological defects of light : an old story

« Three wave singularities from the miraculous 1830s »

M. Berry, Nature 403, 21 (2000)

Intensity

Airy’srainbow integral.

Polarization

Whewell’s amphidromy between England and

Holland.

Hamilton’s diabolical points (bullseyes) in

transparency foil viewed obliquely through
crossed polarizers; in each bullseye, the
interference rings are contours of difference of
wave speeds, centred on an optic axis, and the
black stripes reflect geometric phases.

several square centimetres of overhead-projector
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Optical phase singularities

Let us consider coherent superposition of N plane waves

N (M) g (1)
E(z=0,t) = Zanel[kx x+ky™y]

n=1
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Optical phase singularities

Let us consider coherent superposition of N plane waves

Intensity Phase

Uniform intensity & Phase ramp

Oscillating intensity & Phase ramp/steps

Patterned intensity & Phase singularities
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Optical phase singularities

0

Azimuthal angle ¢

2T

~
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E=E eVe™e

Local azimuthal phase behavior is generic

Local phase y — y(0)

v =20+ ¢,
!

Topological charge *+1

\

0 2T
Azimuthal angle ¢




Optical phase singularities

E=E eve e
Local azimuthal phase behavior is generic

v =20+ ¢,

. Topological charge *+1

Generalization to higher-order optical phase singularities

v = (¢ with / integer

Example: / = -3



Optical phase singularities : from plane waves to the lab

N (M) g ()
E(Z:O’t) — Zanel[kx X-I-ky y]

n=1

——> Speckle field

N

Intensity Phase

[ Speckle field : Collection of phase singularities with unit topological charge ]
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Optical vortex beams

[ What about usual beams '-’]

Laguerre-Gauss modes Amplitude Curvature of phase Gouy phase
[£]
2p! | (f\/i [ 2 :| : ( 272 ikor’z ) i .z
LG, = _ exp | —— L‘f' —) Xp | —— ||ex [— 2p + |£] 4+ 1)tan ](—):|
T o+ |€|)!w(:)¢ w(:)} Pl ] e oy [P A -
Spiraling phase

LGy 3 LG, LG, 4 LGy o LGy 4 LGy, LGy 5
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Optical phase singularities : how to identify the lab ?

Intensity patterns |LG, \
es |LG,, LG\
LG, /7

mmmanm




Optical phase singularities : how to identify the lab ?

2
Intensity patterns ‘LGW‘

0=-2 /=1 /=0 (=1 (=2 £=3

Interference fringes ‘LGO,0 +LGy, 2

LGy, —>
LG, , =—>

f-arm splral




Optical phase singularities : how to identify the lab ?

2
Intensity patterns ‘LGW‘

{=-2 (=-1 (=0 (=1 (=2 (=3

Interference fringes ‘LGO,O— LG,, 2

_ LGO,f —_
e'7LG,, =—>

G o ..

[ Dark spot # Optlcalvortex




A basic feature of light fields

Per photon of a light beam

Energy Linear momentum Angular momentum

E = /o p =hk j, =s,+1,
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A basic feature of light fields

Per photon of a light beam

Energy Linear momentum Angular momentum

E = /o p =hk J, =58, +1,

Spin angular momentum

Left/right-handed circular polarization state

S, =th

Orbital angular momentum

Phase spatial distribution : exp(ifo)
|, = th

Equiphase surface

— —_
——

Optical phase singularities with topological charge ¢
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Controlling optical orbital angular momentum : why ?

Phase reasons

> Rotational optomechanics
(torque /h)

» Optical information
(topological information /)

> Field topology
(singularity)
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Controlling optical orbital angular momentum : why ?

Phase reasons

Micrescope i
objective |mmer3|ﬂrl ail
Ligquid
mgcll:ll':um Emrarsllp
MH -
Microscope
[ ] == sglide
Trapped particle

M. E. Friese et al., PRA 54, 1593 (1996)

> Rotational optomechanics

0.3

:w_.».l o

(torque /h)
=
» Optical information 01
(topological information /)
0+ e
0 0.5

> Field topology
(singularity)

1.5 2 2.5 3
Frequen-:ﬂ_.r (Hz)
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Controlling optical orbital angular momentum : why ?

Phase reasons

Micrescope
ective
obj IrI'IITIErBIf.‘II"I ail
P

Liquid
mecll:ll':um L':wumllp
M“‘“s.
Microscope
C K 15 ] == slide
Trapped particle

M. E. Friese et al., PRA 54, 1593 (1996)

> Rotational optomechanics
(torque (h)

éf\@+gh

Pttty K :
Frequency (Hz)
> Field topology (3+0)7
(singularity)

» Optical information
(topological information /)

Transferred angular momentum
per absorbed photon : (2, 3, 4)%
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Controlling optical orbital angular momentum : why ?

Phase reasons

Ly

> Rotational optomechanics
(torque (h) 4

Distinct rotational modes

» Optical information
(topological information /)

> Field topology Spinning Orbiting

(singularity)
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Controlling optical orbital angular momentum : why ?

Amplitude reasons

@O0

» Unconventional trapping
(on-axis null intensity)

STimulated Emission Depletion

-
Detector

EXC

beam

R

phase \ Optical

modulation vortex

EXC spot STED spot

Q

Effective fluor. spot (PSF)

: 1.0
“ 66 nm

-

» Super-resolution optical imaging
(STED microscopy)

105

» Astronomical imaging
=200 0 200
(vortex coronagraphy) nm

ot il 0
-200 0 200

K. l. Willig et al., Nature 440, 935 (2006)
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Controlling optical orbital angular momentum : why ?

Amplitude reasons

@O0

» Unconventional trapping d
(on-axis null intensity)

Vortex coronagraph basic set-up

AS Mask LS Imaging System

e —— — —

Optical
fiber

!

» Super-resolution optical imaging
(STED microscopy)

_ . ] without with
» Astronomical imaging vortex mask vortex mask

(vortex coronagraphy)

J.H. Lee et al., PRL 97, 053901 (2006)




2. Optical vortex generation



How to generate phase singularities in a controllable manner ?

¢ Spiral phase masks

?#0
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How to generate phase singularities in a controllable manner ?

¢ Spiral phase masks

¢ Singular gratings
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¢ Spiral phase masks
¢ Singular gratings

*» Anisotropic media

How to generate phase singularities in a controllable manner ?
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[ Optical spin-orbit interaction of light ]




3. Spin-orbit interaction of light



Spin-orbit interaction of light

Coupling between the spin of a particle with its motion

Z
&Z l,

e )
7 N\

Spin angular momentum Orbital angular momentum

NN

{ Material inhomogeneity or anisotropy is required J
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Spin-orbit interaction of light in the lab ?

Let us consider simple macroscopic optical elements ...

A D X

Glass slab Lens Birefringent crystal slab

... in the course of circularly polarized light beam

Transverse beam shifts Orbiting motion \Optical vorte)y

[ Spin-orbit interaction is around ! ]




Vortex generation using uniaxial crystal optics

Optical axis

—>

—> 7

Maxwell’s equations

(V3 4 2ikn,0,)E=yV (V. -E)

(paraxial approximation, slowly varying transverse envelope)

Y= 1 — (no/n@)z VL =€y ax+ey ay

Let us consider circular polarization basis: c. = (e, *+ z'.ey)/\@

Let us consider incident Gaussian beam : E(r, 2

Output light field

E+ B i Bw?
E— - 120

- R VO ~
iBr? Ccos 0 —1e77% sin 0 a
D Z—1IZ
e DTN e _
—1e-" s1n O cos 0 b ~

0) = (ac™ +bc) (:fxp(—;-g/-wg)

£=(n,—mn.)/n k1
8 = kn/2 3,2 -
n = (n,+n.)/2 § = ﬁ <—> Birefringent phase retardation
o z—12)*
2 = Buw?
~0 |
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Vortex generation using uniaxial crystal optics

General output light field
ET iBw? s cos 0 —ie 2 5in a
e - e =120 o ) . R
E- Z— 1z —ie?% sin o COS 0 b

Particular case of right-handed circular input : a=1, b=0

Polarization state changes Optical axis

o HH- 00

Optical phase singularity birth

Spin-to-orbital angular momentum conversion

Is it efficient ?
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Optical vortex generation in homogeneous uniaxial solid crystals

Optical axis . .
Beam shaping optimization

o HHE0- 0
O+ O 1k(6)}

Homogeneous
optical axis

100%

L Saturation : 50% .
50%

Converion efficiency

=
")
=3

o

2 4 6 3 10 12 14
Propagation distance (mm)

E. Brasselet et al., Opt. Lett. 34, 1021 (2009)



Optical vortex generation in homogeneous uniaxial solid crystals

Optical axis . oL
Beam shaping optimization

{k(6)}
v Extreme spin-orbit coupling : ~100% E .’
> 100% (N : . . - -
; Homogeneous
S . .
= optical axis
v
.s 50% .
£
g .
£ \ Effective material defect
o O(E,a 1 1 1 1 1
0 1 2 3 4
Total phase delay (27 units)
3
C. Loussert and E. Brasselet, Opt. Lett. 35, 7 (2010) E O ﬁt
Radially distributed

\ optical axis




Optical vortex generation in inhomogeneous uniaxial medium

E Uniform birefringent retardation

k
O A:ESnL
A

Circularly polarized input field : E;, = Ey e “!=F2) ¢~ (oc=11)

Polarization state changes

v
Output field : E,c o Eo [cos (A/2)[co]+ isin (A/2) |€f2rrcv|E_gH

Optical phase singularity birth

Spin-to-orbital angular momentum conversion
100% efficient when A==
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Optical vortex generation in inhomogeneous uniaxial medium

Radial optical axis

Helical wave front

[ Optimal conversion A = 1t ]

Angular momentum per photon (k)

Angular momentum per photon (k)

Spin Orbital Total
Input 1 0 1
Output -1 2 1

Spin Orbital Total
Input -1 0 -1
Output 1 -2 -1

[ Conservation of total (spin+orbital) optical angular momentum ]
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Qualitative analysis
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Qualitative analysis

Circular polarization case
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Optical axis radial distribution

At a given time
« Linear polarization case»
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[ Phase winds by 4n ]
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Generalization to azimuthally patterned birefringent elements

Azimuthally patterned optical axis
0=mop+0,

(m €Z or 2m € 7Z) . . 4. .
Local optical axis direction

0
y MXOI. Local phase delay
/ 27
. ¥(M) =—An(M) L
|\ /’/ \(P o X ( ) 7\4 n( )

. . .. .tie,
Circularly polarized incident planewave : E,, = F,c. = F) e—\/%e”

Polarization state changes

v
Output field : E, . o< F) [(t()s(\IJ/Q) cy|F ileT2m (et fo) 3'11'1(\])/2)}

1

Phase singularity with topological charge +2m
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Generalization to azimuthally patterned birefringent elements

Optical angular momentum balance

Eouw x Eo [cos(W/2) ey F ieX2m@F00) gin(0/2) ey |

Angular momentum per photon (4) Angular momentum per photon (%)
Spin Orbital Total Spin Orbital Total
Input 1 0 1 Input -1 0 -1
Output -1 2m 2m -1 Output 1 —2m 1-2m

[ Total optical angular momentum is no longer preserved for m#1 ]

4

[ A torque is exerted on the optical element for m#1 ]
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4. Spin-to-orbital angular momentum converters



Spin-to-orbital angular momentum conversion

Initially demonstrated at 10.6pum wavelength

m=1/2 m=1 m=3/2

\\ \\\((/%:\ Subwavelength gratings
= )
Selele

\\lf

ﬁ{(\\ (FORM birefringence)

Laser-etched Optical vortex generation
GaAs wafers

G. Biener et al., Opt. Lett. 27, 1875 (2002)

Extended to the visible domain : mechanically patterned liquid crystals

L. Marrucci et al., Phys. Rev. Lett. 96, 163905 (2006) (TRUE birefringence)
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Azimuthally patterned nematic liquid crystal films

Incident linear polarization

N

Vector beam

Mechanically prepared
« circular alignment»

M. Stadler and Schadt, Opt. Lett. 21, 1948 (1996)

P , Incident circular polarization

Half-wave plate condition ¥
(A=) Scalar vortex beam

L. Marrucci et al., PRL 96, 163905 (2006)
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Liquid crystal spin-orbit converters

Photo-alignment techniques : patterned liquid crystal films

Bulk h S. C. McEldowney et al., Opt. Lett. 33, 134 (2008) %
Uik approac
PP S. Nersisyan et al., Opt. Express 17, 11926 (2009)

S. W. Ko et al., Opt. Express 16, 19643 (2008) %

S. Slussarenko et al., Opt. Express 19, 4087 (2011)

Surface approach {

Topological structure
characterization

Optical vortex
generation

S.C. McEldowney et al., Opt. Lett. 33, 134 (2008)

U

D. Mawet et al., Opt. Express 17, 1902 (2009) . .
Topology is not controlled at microscale
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5. Towards integrated spin-orbit optical vortex generators



Microscopic spiral phase plates : fabrication

Direct laser writing : on-demand photopolymerized 3D structures

Objective lense NA > 1 —|

Immersion oil |
| Cover glass

] Single or arrays of spiral plates

-~ [Photosensitive
|material

Tightly focused
pulsed light

Optical quality spiral plate

3D micro-architectures

30 nm

E. Brasselet et al., Appl. Phys. Lett. 97, 211108 (2010) 27/30



Microscopic spiral phase plates : performance characterization

Amplitude

/ =3

/=4

o

w, = R/2

Experiment

Theory

Experiment
. . ”\4 D.

Single-beam
| ﬂ interferences technique

w, = 2R

Theory

E. Brasselet et al., Appl. Phys. Lett. 97, 211108 (2010) 28/30



Microscopic spin-to-orbital angular momentum converters

Direct laser writing of radial birefringence

(a) 1030 nm
AOM | fs-laser | Sampli/‘:-o__,:
SHG Jmss pC s MO | D | /—\”Woi Spin-to-orbital optical angular
s g TR momentum conversion
(b) z
Micro-void  1hermally affected zone ) )
LSS Optical axis
7 §\§ E. radial distribution

Over-dense shell

E. Brasselet et al., Appl. Phys. Lett. 100, 181901 (2012)
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Conclusion : topological interplay between matter and light

Imprinting material topological information on light

Liquid crystal
defects

Optical phase
singularities

Imprinting optical topological information on matter
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