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Specular reflection of a light ray

θin θout

Mirror

Air

(in his book “Catoptrics” )

in outθ θ=

κατοπτρον = mirror

Statue of Euclid ( Oxford)

Euclid (≈ 300 BC)



Wave optics

→ Diffractive corrections to ray optics, i.e. “beam shifts”

A ray (or a plane wave) is a mathematical construct that

does not exist in experimental optics (infinite power !)

Introduce finite-diameter light beam as physical ray:
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“Pencil beam” violates specular reflection

Parallel shift 
Transverse shift ( )λO
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Angle of incidence

Refractive indices n1 & n2

Input Spin Angular Momentum (polarization)

Input Orbital Angular Momentum

Shifts depend on

Shifts do not occur for “ideal” mirror  (infinite index contrast)



Goos-Hänchen shift in Total Internal Reflection
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Physical picture:

GH shift is due to propagating surface wave



Goos-Hänchen paper



Newton anticipated GH-type shift

QUERY  4.

Do not the Rays of Light which fall
upon Bodies begin to bend before

they arrive at the Bodies….?

Glass

Air

“Negative” GH shift…………



Theory for GH shift
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Finite-diameter beam
(angular wave packet): Plane-wave reflection phase:

Different GH shift for p and s polarization
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GH shift appears already in 2D (“sheet beam”)



Transverse beam shift: Imbert-Fedorov

F.I. Fedorov, Dokl. Akad. Nauk SSSR 105, 465(1955)



Imbert-Fedorov shift (IF)

( )
2IF f
λ θ
π
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Input polarization σ+

Glass
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θ θ

Input polarization σ- leads to opposite shift

( ) 1f θ <

3D pencil beam is essential

Transverse plane-waves with different reflection phases



Physical interpretation of IF shift

→ Total angular momentum is conserved

Input polarization

Glass

Air

θ θ
es

epσ+ = es+iep

Spin angular momentum is not conserved

Orbital angular momentum is created by IF shift



Spin Hall effect of light

Imbert-Fedorov shift has been rediscovered as

Spin Hall Effect of Light (SHEL)

Onoda et al, PRL 93, 083901 (2004)

Bliokh and Bliokh, PRL 96, 073903 (2006)

Hosten and Kwiat, Science 319, 787 (2008)

Qin et al, OL 34, 2551 (2009)

Menard et al, OL 34, 2312 (2009)

Photonic version of electronic spin Hall effect

Index gradient n2 – n1  produces a transverse “spin current”



Angular shift

� Angular shift requires partial reflection,  lr l<100%

Ra et al, SIAM J. Appl. Math. 24, 396 (1973)
Antar and Boerner, Can. J. Phys. 52, 962 (1974)
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Angular GH and IF shifts
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Experimental set-up

Synchronous
detection of 
beam shift

Rotation 
stageGlass 

prism

Polarization modulator 
(p↔s)

θ

θLens
*

Beam waist w0

10-1000 µm

z820λ = nm

Quadrant 
detector

z

Modulate input beam:

� Polarization (linear, circular)

� Angle of incidence (θ)

� Wavefront curvature (θ0)



Quadrant detector

X=(1+3)-(2+4)  parallel shift (GH)

Quadrant detector produces 4 output signals

Measure a spatial shift by pairwise binning:

3.0 mm

Light beam
100 µm gap

Y=(1+2)-(3+4)  transverse shift (IF)

Resolution limit: 
> 20 nm

Measure an angular shift by dividing:
X Y

    
Z Z

or



Measurement of angular GH shift (p-polarization)

Singularity at Brewster angle

( )0pr =

56.5o
Bθ =

0 59w mµ=
820nmλ =

Merano, Aiello, Van Exter & 
Woerdman, Nat. Phot. (2009)
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Angular GH shift near Brewster angle
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Merano, Aiello, Van Exter & 
Woerdman, Nat. Phot. (2009)



Angular nature of shift confirmed
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Merano, Aiello, Van Exter & Woerdman, Nat. Phot. (2009)



Dielectric vs metallic reflection

Negative GH shift

inθ

Metal
Positive GH shift

inθ

Dielectric

Spatial GH shift

Energy flow in surface wave:

22

8
xc k E

S
πωε

=
for dielectric

for metal

0ε >

0ε <



Spatial GH shift in reflection by Au mirror

Merano, Aiello, ‘t Hooft, Van Exter, Eliel & Woerdman, Opt. Express (2007)

0 860 w mµ=

Negative shift !

Theory

Au @ 820nm:
229 2.0i nε = − + =



Role of metal loss (Au)

Aiello, Merano & Woerdman, Phys. Rev. A (2009)

Spatial GH

Angular GH

Loss couples spatial and angular GH: &
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Beam shift of OAM carrying beam

Angular momentum of paraxial photon:

Allen, Beijersbergen, Spreeuw & Woerdman, Phys. Rev. A (1992)

j l s= +

Orbital Angular Momentum:

Spin Angular Momentum
(circular polarization):

1± ℏ photon

0, 1, 2,...± ± ℏ photon

Laguerre-Gauss beam 
(“donut” beam)

Helical
wavefront



How to produce a helical beam
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Hermite-Gauss

Laguerre-Gauss



HG ↔LG mode converter

Beijersbergen, Allen, Van der Veen & Woerdman, Opt. Commun. (1993)

HGnm input

LGlp output

 l n m= −
(“OAM quantum number”) 

min( , )p n m=

Azimuthal mode number

Radial mode index

l = 0      1        2           3           0           1         2           0



Effect of OAM on the 4 beam shifts
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OAM 4x4 mixing matrix

Off-diagonal elements: OAM mixes GH and IF

Merano, Hermosa, Woerdman & Aiello, Phys. Rev. A (2010)

Beam shifts for l =0   (depend 
on polarization, i.e. on SAM)

Effect of OAMl-dependent 
beam shifts
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On-diagonal elements: OAM enhances angular shifts



Element  M12 of mixing matrix

Merano, Hermosa, Woerdman & Aiello, Phys. Rev. A (2010)

ℓ

Theory:

12 2M l= −

l



Element  M22 of mixing matrix

Merano, Hermosa, Woerdman & Aiello, Phys. Rev. A (2010)

Theory:

22 1 2M l= +

l



Beam shifts of matter waves h

mv
λ =

GH shift of spin-polarized neutrons reflecting from magnetized film
De Haan et al, PRL 104, 010401 (2010)
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