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Light consists of electromagnetic waves that oscillate in time and 
propagate in space. Scalar waves are described by their intensity 
and phase distributions. These are the spatial (orbital) degrees of 

freedom common to all types of waves, both classical and quantum. 
In particular, a localized intensity distribution determines the posi-
tion of a wave beam or packet, whereas the phase gradient describes 
the propagation of a wave (that is, its wavevector or momentum). 
Importantly, electromagnetic waves are described by vector fields1. 
Light therefore also possesses intrinsic polarization degrees of free-
dom, which are associated with the directions of the electric and 
magnetic fields oscillating in time. In the quantum picture, the 
right- and left-hand circular polarizations, with the electric and 
magnetic fields rotating about the wavevector direction, correspond 
to two spin states of photons2.

Recently, there has been enormous interest in the spin–orbit 
interactions (SOI) of light3–6. These are striking optical phenomena 
in which the spin (circular polarization) affects and controls the 
spatial degrees of freedom of light; that is, its intensity distributions 
and propagation paths. The intrinsic SOI of light originate from the 
fundamental spin properties of Maxwell’s equations7,8 and, there-
fore, are analogous to the SOI of relativistic quantum particles2,9,10 
and electrons in solids11,12. As such, intrinsic SOI phenomena appear 
in all basic optical processes but, akin to the Planck-constant small-
ness of the electron SOI, they have a spatial scale of the order of 
the wavelength of light, which is small compared with macroscopic 
length scales.

Traditional ‘macroscopic’ geometrical optics can safely neglect 
the wavelength-scale SOI phenomena by treating the spatial and 
polarization properties of light separately. In particular, these 
degrees of freedom can be independently manipulated: by lenses or 
prisms, on the one hand, and polarizers or anisotropic waveplates, 
on the other. SOI phenomena come into play at the subwavelength 
scales of nano-optics, photonics and plasmonics. These areas of 
modern optics essentially deal with nonparaxial, structured light 
fields characterized by wavelength-scale inhomogeneities. The usual 
intuition of geometrical optics (based on the properties of scalar 
waves) does not work in such fields and should be substituted by 
the full-vector analysis of Maxwell waves. The SOI of light represent 
a new paradigm that provides physical insight and describes the 
behaviour of polarized light at subwavelength scales.

In the new reality of nano-optics, SOI phenomena have a two-fold 
importance. First, the coupling between the spatial and polarization 
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Light carries both spin and orbital angular momentum. These dynamical properties are determined by the polarization and 
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properties must be taken into account in the analysis of any nano-
optical system. This is absolutely essential in the conception and 
design of modern optical devices. Second, the SOI of light can bring 
novel functionalities to optical nano-devices based on interactions 
between spin and orbital degrees of freedom. Indeed, SOI provide 
a robust, scalable and high-bandwidth toolbox for spin-controlled 
manipulations of light. Akin to semiconductor spintronics, SOI-
based photonics allows information to be encoded and retrieved 
using polarization degrees of freedom.

Below we overview the SOI of light in paraxial and nonparaxial 
fields, in both simple optical elements (planar interfaces, lenses, 
anisotropic plates, waveguides and small particles) and complex 
nano-structures (photonic crystals, metamaterials and plasmonics 
structures). We divide the numerous SOI phenomena into several 
classes based on the following most representative examples:

(1) A circularly polarized laser beam reflected or refracted at a 
planar interface (or medium inhomogeneity) experiences 
a transverse spin-dependent subwavelength shift. This is a 
manifestation of the spin-Hall effect of light13–20. This effect 
provides important evidence of the fundamental quantum 
and relativistic properties of photons16,18, and it causes specific 
polarization aberrations at any optical interface. Supplied with 
suitable polarimetric tools, it can be employed for precision 
metrology21,22.

(2) The focusing of circularly polarized light by a high-numeri-
cal-aperture lens, or scattering by a small particle, generates 
a spin-dependent optical vortex (that is, a helical phase) in 
the output field. This is an example of spin-to-orbital angu-
lar momentum conversion in nonparaxial fields23–31. Breaking 
the cylindrical symmetry of a nonparaxial field also produces 
spin-Hall effect shifts32–37. These features stem from funda-
mental angular-momentum properties of photons8,38, and they 
play an important role in high-resolution microscopy35, opti-
cal manipulations25,26,39, polarimetry of scattering media40,41 
and spin-controlled interactions of light with nano-elements or 
nano-apertures29,34,37,42,43.

(3) A similar spin-to-vortex conversion occurs when a paraxial 
beam propagates in optical fibres44 or anisotropic crystals45–47. 
Most importantly, properly designing anisotropic and inho-
mogeneous structures (for example, metasurfaces or liquid 
crystals) allows considerable enhancement of the SOI effects 
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Chirality is a P-odd but T-even property. 
 
Angular momentum is P-even but T-odd: 
 
 
 
Only helicity, i.e., projection of the  
angular momentum onto the  
momentum is P-odd, T-even, and  
therefore chiral: 

Angular momentum, helicity, chirality 
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spinning cone 

The eflececr of p, T, and fz, on ( a )  a stationary spinning cone and (b) a translating 

be thought that this is a chiral object. However, according to the new definition 
above, it is false chirality because time reversal followed by a rotation 8, through 
180" about an axis perpendicular to the symmetry axis generates the same object as 
space inversion (Figure 3a). The molecular equivalent is a symmetric top in a 
rotational quantum state IJKM). The parity operator transforms IJKM) into IJ - 
KM), which therefore has mixed parity,37 so that these two states correspond to 
the two non-superposable cones in Figure 3a. And just as the two cones can be 
interconverted by time reversal followed by a rotation through 180" about an axis 
perpendicular to the symmetry axis, so this sequence of operations interconverts 
IJKM) and 1.l -KM). 

This shows that mixed parity in a particular quantum state is not necessarily 
sufficient to generate true chirality, despite the fact that it results here in two non- 

37 A. Bohm, 'Quantum Mechanics', Springer-Verlag, New York. 1979. 
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L.D. Barron, 1986 



Outline 

q   Spin-orbit interaction in paraxial beams 
§ Propagation in gradient-index media 

§ Reflection/transmission at an interface 

q  Spin-orbit coupling in nonparaxial fields 
§ Spin and orbital AM in free space 

§ Focusing, scattering, imaging 

q  Spin-orbit coupling in inhomogeneous  
 anisotropic structures (metasurfaces) 

q  Transverse spin-momentum locking 
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Angular momentum of paraxial light 

2. Extrinsic orbital AM 
   (trajectory) 

ext = ×L r k
kc 

rc 

3. Intrinsic orbital AM (vortex) 

    

Lint = r − r( )× k

=  k / k

   = 0    = 1

   = −1    = 2

/ kσ=S k
1. Intrinsic spin AM (polarization) 

1σ = 1σ = −



Geometric phase 

Angular momentum is intimately related to rotations. 
 
There is a natural coupling between the AM and 
rotations of the system. 
 
It can be described by geometric (Berry) phases. 
 
Remarkably, these can be introduced via both 
geometric and dynamical approaches seemingly 
unrelated to each other.  
However, geometric and dynamical aspects become 
unified on a deeper level of understanding revealing the 
geometrodynamical nature of the AM physics  
(cf. general relativity). 



Geometric phase 

,i ie E e Eσ σ σ σΦ − Φ→ →e e

2D: 

ϕσΦ = −

x x

y y

  
eσ = x + iσ y( )

1σ = 1σ = −

dζ ζΦ = − ⋅∫ ΩJ

AM-rotation coupling: 
Coriolis / angular-Doppler effect 

3D: 

δω = − ⋅J Ω

Mashhoon, 1988; Garetz, 1979; Bialynicki-Birula, 1997; Hannay, 1998 



Φ 

zk

xk

  E ⊥ κ

ykσ=S κ

φ

θ

C 

  
eσ k( ) = θ + iσφ( )eiσφ

  

( )2 1 c

2

os
zd Sφ

θ

πσ

πσ

Φ

−

= −

=
∫

dynamics, S: 

  

    
Φ =σ A k( ) ⋅dk

C
∫

   
A = 1− cosθ

k sinθ
φ ,

    
F = ∂k×A = k

k 3
- Berry connection, curvature  
   (parallel transport) 

geometry, E: 

M. V. Berry, 1984 

Geometric phase 



  

    
Φ =σ A k( ) ⋅dk

C
∫

The geometric phase appears in all situations with 
variations k-vectors (directions of propagation) of light. 
 
In this manner, the Berry connection plays the role of 
an effective gauge field (vector-potential) in the k-
space.  

 A - “vector-potential” 

    
F = ∂k×A = k

k 3
- “magnetic field” 

- “Aharonov-Bohm (Dirac) phase” 

Geometric phase: Gauge fields 



Rytov, 1938; Vladimirskiy, 1941; Ross, 1984; Tomita, Chiao, Wu, PRL 1986 
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Spin-orbit Lagrangian and phase  

-  SOI Lagrangian from  
   Maxwell equations      

LSOI =σA ⋅ k = S ⋅Ω
Bliokh, 2008 

      
L̂SOI = Â ⋅ p ≈ e

4m2 σ̂ E × p( )
    
Â = Ŝ× p

2 p2 1− m
E

⎛
⎝⎜

⎞
⎠⎟

, -  for Dirac equation 

   
Φ = LSOI∫ dτ

Berry phase: 

Φ0
2Φ0



Liberman & Zeldovich, PRA 1992; 
Bliokh & Bliokh, PLA 2004, PRE 2004;  Onoda et al., PRL 2004 

     
k c = k∇ ln n , rc = κ c −σF × k c

-  ray equations  
(equations of motion) 

X

YZ
- + 

Spin-Hall effect of light 

    
σ k

k 3 × k = S× κ

   J = rc × k c +σ κ c = const -  AM integral 

2Δ
Δ



  Berry phase 
  Spin-Hall effect 
  Anisotropy 

Bliokh et al., Nature Photon. 2008 

Spin-Hall effect of light 



Origin of the spin-Hall shift 

The spin-Hall-effect equations of motion can be derived 
ab initio from Maxwell equations.  
 
Remarkably, the geometric Berry curvature acts as a real 
physical field and provides real “force”. This is the 
essence of geometrodynamics in the particle description. 
 
But what causes the Hall-effect shift in the wave 
description? It turns out that the shift is caused by the 
transverse gradient of the Berry phase for different 
plane waves forming a transversely confined beam. 
 
Indeed, in wave physics, any shift can be attributed to 
the relative phase between the interfering waves: 



δΦ

Relative phase between two waves induces shift  
of the interference pattern (e.g., Aharonov-Bohm effect): 

Origin of the Hall-effect shift 



Relative phase gradient between many waves induces  
shift of the wave packet (e.g., Wigner time delay): 

( )ωΦ

ωΔ = ∂ Φ

Origin of the Hall-effect shift 



Phase gradient from spatial dispersion induces 
The real-space shift (e.g., Goos-Hänchen effect): 

( ) ( )/Xk kθΦ =Φ
XkX = ∂ Φ

Origin of the Hall-effect shift 



In a similar way, transverse Berry-phase 
gradient induces the spin-Hall-effect shift: 

σ +

σ −

k

σ +
σ −

( ) /yk kϕ σΦ ∝

ykY = −∂ Φ

Origin of the spin-Hall shift 



Reflection/refraction at an interface 

This can be illustrated by the simplest example of the 
spin Hall effect of light that arises upon the beam 
reflection/refraction at a plane interface: 

Fedorov, 1955; Schilling, 1965; 
Imbert, 1972;  
…… 
Onoda et al., PRL 2004; 
Bliokh & Bliokh, PRL 2006; 
Hosten & Kwiat, Science 2008 

  Δr ∝σ

    Imbert-Fedorov 
    transverse shift Δr



σ +

σ −

( )ˆ / sin ,z yR κ θ
⇒

cotyσκ θΦ = −

coszS σ θ=

⇒

   
Y = −∂ky

Φ = σ cotθ

   
k c → k c + kyy :

geometry, phase: 

ext := +J L S

dynamics, AM: 

sin coszJ kYδ θ σ θ= − + ⇒ 0zJδ =

k

σ +
σ −

Spin-Hall effect of light 



Goos-Hänchen and Imbert-Fedorov shifts 

spatial GH: angular GH: 

spatial IF: angular IF: 

Bliokh & Bliokh, PRE 2007;  
Hosten & Kwiat, Science 2008 

Schilling, 1965; …  
Bliokh & Bliokh, PRL 2006 

Goos, Hänchen, 1947; 
Artman, 1948 

Ra, 1973;  …; Merano et al., 
Nature Photon. 2009 

rX

tX

tY

rY

r
xK

t
xK

t
yK

r
yK



Reflection/refraction at an interface 

Remarkably, the beam shift and accuracy of measurements 
can be enormously increased using the method of quantum 
weak measurements: 

Angstrom  
accuracy! 



σ + σ −

Reflection/refraction at an interface 

The incident beam is linearly polarized, i.e., in the 
superposition of      and      states. 
 
Reflection/refraction shifts these states in the opposite 
direction on a subwavelength distance: 

reflection



Reflection/refraction at an interface 

Placing an orthogonal linear polarizer at the output (post-
selection), we will see double-hump profile with the  
beam-width (instead of wavelength!) splitting of maxima: 

polarizer

0w

But the shift of the beam centroid is zero. 



polarizer

0w

Reflection/refraction at an interface 

However slight non-orthogonality of the output polarizer 
(slightly elliptical or linear tilted) drastically deforms the 
output intensity profile: 

This results in the beam-width centroid shift, which is 
proportional to the original Hall-effect shift ! 



Reflection/refraction at an interface 

Recently we showed that similar weak measurements of 
the beam shifts can be realized using surface plasmon 
polaritons (SPP): 

An incident optical beam scattered by a single slit produces 
output SPP beams, akin to refraction at interface. 



Reflection/refraction at an interface 

But the SPPs are linearly p-polarized. This provides the 
build-in polarization postselection for weak measurements. 
One has only to take almost orthogonal s-polarization (i.e., 
along the slit) in the incident light: 

2 2
0expin y w⎡ ⎤Φ ∝ −⎣ ⎦ - input spatial profile 

   
Ψ in  Y − ε X =

−i − ε( ) R + i − ε( ) L

2 - input polarization 
  ε 1

2out

L R
X

+
Ψ = = - output polarization 

3ˆout in
w

out in

iσ
σ

ε
Ψ Ψ

= =
Ψ Ψ

- weak value of helicity 



Reflection/refraction at an interface 

As a result of the spin-orbit interaction, the output SPP 
beam profile becomes shifted: 

  
Φout ∝ exp − y − Δ( )2

w0
2⎡

⎣⎢
⎤
⎦⎥ - output spatial profile 

- complex beam shift 
  
Δ  −σ w = − i

ε

The real and imaginary part of the complex shift yield 
the coordinate and momentum spin-Hall shifts:  

Rey = Δ 2
02 Imyk w−= Δ



Reflection/refraction at an interface 

The results SPP beam fields in the real and momentum 
(Fourier) spaces at different input polarizations: 

Small real and imaginary    induces strong deformations 
and coordinate and momentum spin-Hall shifts in the SPP 
beams. 

ε

Gorodetski et al., PRL 2012 



Reflection/refraction at an interface 

The results are in perfect agreement with the FDTD and 
analytical calculations: 

c
22 2

c c

2 Re1
2 / 2

y
k

χθ ε
θ χ ε θ

=
+

c
c 22 2

c

Im
2 / 2

yk k χθ εθ
χ ε θ

= −
+



Summary of the SOI in paraxial beams 

§ Geometrodynamics of ligth carrying intrinsic 
AM; Geometric force from Berry curvature 

§ Spin and orbital Hall effects; Total AM 
conservation 

§ Hall shifts arise from the transverse gradient of 
the Berry phase 

§ Beam refraction/reflection at a plane interface 

§ Weak measurements of the spin Hall effect; 
Plasmonic spin Hall effect 

 



Orbit-orbit interaction and phase  

Φ 

zk

xk

phase ⊥ κ
yk

   Lint = ℓκ

φ

θ

C 

-  OOI Lagrangian 
     
LOOI = A ⋅ k = Lint⋅Ω

X

Y
Z

w

v

t
e

w

v

te
w

v

t

e

2F0 F0 

Bliokh, PRL 2006;  Alexeyev, Yavorsky, JOA 2006; 
Segev et al., PRL 1992;  Kataevskaya, Kundikova, 1995 

   
Φ = LSOI∫ dτ -  Berry phase 



Orbital-Hall effect of light 

 σ →σ +  -  vortex-dependent shifts 

X

YZ

0 1 2 –1 –2 

Bliokh, PRL 2006 

Fedoseyev, Opt. Commun. 2001; 
Dasgupta & Gupta, ibid. 2006 

   
J = rc × k c + σ + ( )κ c

-  AM conservation 



GH and IF shifts for vortex beams 

Bliokh et al. Opt. Lett. 2009 (theory);  Merano et al., PRA 2010 (exper.) 

spatial GH: angular GH: 

spatial IF: angular IF: 

  
X r +αK y

r

  
X t +αK y

t

  Y
t +αKx

t + YOOI
t

  Y
r +αKx

r

   
1+ ( )Kx

r

   
1+ ( )Kx

t

   
1+ ( )K y

t

   
1+ ( )K y

r



Reflection/refraction at an interface 

Experimental measurements of the vortex beam shifts: 

Fedoseyev, 2001; Dasgupta & Gupta, 2006 Bliokh et al. 2009;  Merano et al., 2010 



q   Spin-orbit interaction in paraxial beams 
§ Propagation in gradient-index media 

§ Reflection/transmission at an interface 

q  Spin-orbit coupling in nonparaxial fields 
§ Spin and orbital AM in free space 

§ Focusing, scattering, imaging 

q  Spin-orbit coupling in inhomogeneous 
 anisotropic structures (metasurfaces) 

q  Transverse spin-momentum locking 



Spin and orbital AM in free space 

We have shown that the spin Hall effect is related to the 
transverse Berry-phase gradient of the plane waves 
forming the beam. 
 
Furthermore, the main scale of the effect is the 
wavelength. 
 
Therefore, it is natural to expect that the SOI 
phenomena will become more significant in nonparaxial 
(e.g., tightly focused) fields. 
 
And, indeed, some strong spin-dependent AM effect 
occurs in tightly focused light: 



Spin and orbital AM in free space 

Focusing of a circularly polarized light with SAM results in 
vortex component in the 3D nonparaxial field and nonzero 
OAM proportional to    . This is spin-to-orbital AM 
conversion: 

It is related to fundamental peculiarities of the photon 
AM operators. 

Y. Zhao et al., PRL 2007 

σ

Bliokh et al., PRA 2010 



Spin and orbital AM in free space 

The total AM operator for photon is a sum of the OAM 
and SAM operators: 

ˆ ˆˆ ˆˆ ˆ= × + ≡ +J r p S L S
ˆ ,i= ∂kr ˆ ,=p k

( )ˆ
a aijij

S iε= −

( )ˆˆ ,z z zijij
L i S iφ ε= − ∂ = −

   
Eℓσ ∝ x + iσ y( )eiℓφ

-  z-components and 
   paraxial eigenmodes: 
   s - polarization,  
   l - vortex 

   = 1

   = −1
   = 0

σ = 1

σ = −1



Spin and orbital AM in free space 

Bessel-beams spectrum – a circle in k-space (we assume 
that all the waves have the same helicity): 

   
E(k)

   
E
σ = Aσδ θ −θ0( )eiφ

real space field: 

   
!Eℓσ ∝ θ + iσφ( )eiσφeiℓφ ≡ eσ k( )eiℓφ -  nonparaxial  

   vortex beam 



Spin and orbital AM in free space 

Calculating the SAM and OAM expectation values in the 
Bessel beam,                             , we arrive at: 

    
O = !Eσ Ô !Eσ

  Lz = +σ ΦB( )1 ,z BS σ= − Φ

   
E(k)

    
ΦB ≡ 2π ΦB = AB ⋅

C
∫ dk = 2π 1− cosθ0( )

-  Berry phase ! 

Thus, the spin-to-orbit AM conversion 
in nonparaxial fields originates from the 
Berry phase associated with the 
azimuthal distribution of partial waves. 

Bliokh et al., PRA 2010 



Spin-to-orbit conversion upon focusing 

( )ˆ
zR φ−( )ˆ

yR θ( )ˆ
zR φ

2

2 2

2

ˆ
2

2

i i

i i

i i

be abe

be abe

abe ab

a

U

be

a

a

φ φ

φ φ

φ φ

− −

−

⎛ ⎞
⎜ ⎟
⎜ ⎟=
⎜ ⎟⎜

−

−

−

⎠−⎝ − ⎟

    
!E θ ,φ( )∝ cosθ Û θ ,φ( )E0

-  Richards-Wolf theory (1959) = parallel 
                                                    transport 

( ) / 2Bb θ= Φ

Bliokh et al., OE 2011 

-  Berry phase 



Spin and orbital AM in free space 

All basic manifestations of the SOI of light can be 
immediately seen in the spin-dependent real-space 
intensity distribution of the field. 
 
The intensity of the circularly-polarized vector Bessel 
beam reflects the spin-to-orbital AM conversion: 
 
 
 
 
 

   
I
σ ρ( )∝ Aσ 2

a2J
2 ρ( ) + b2J+2σ

2 ρ( ) + 2abJ+σ
2 ρ( )⎡⎣ ⎤⎦

1 / 2)/ 2( , ab = − Φ= Φ

   
,σ → a ,σ − b + 2σ ,−σ − 2ab +σ ,0⎡

⎣
⎤
⎦



Spin and orbital AM in free space 

The transverse intensity distributions show    -dependent 
radii: 

σ
1σ = − 1σ =

   = 4

   = 1

  
k⊥R

σ = +σ Φ = Lz

The beam radius can be can be obtained from the 
quantization (with Berry phase) and fine SOI splitting of 
the caustic: 

 

σ +σ −

Bliokh et al. PRA 2010 



Y. Gorodetski et al., PRL (2008)  [cf. QHE in graphene]. 

2B πΦ =0 / 2 ,θ π=

   = 1

  +σ ΦB = +σ
1σ = − 1σ =

Spin and orbital AM in free space 

The spin-dependent radius can be demonstrated in a 
circular plasmonic cavity generating Bessel modes: 

1σ = ±



Spin and orbital AM in free space 

  +σ ΦB = +σ

1σ = − 1σ =

   = 0

1σ = ±

Y. Gorodetski et al., PRL (2008) 



Spin and orbital AM in free space 

Gorodetski et al. Nano Lett. 2009 

Interesting application to spin-dependent resonant 
transmission [Ebbesen et al. + Zheludev et al.]: 

the word “SPiN” written with right-handed spirals is lit up
when illuminated by |σ-〉 light. For |σ+〉 illumination, the
contrast is reversed. Linearly polarized illumination results
in the same transmission for all nanoapertures: as a result,
the letters are indistinguishable from the background.

A spectral transmission through a similarly structured array
of only right-handed spirals was measured by a spectrometer
(Horriba Jobin Yvon, iHR320) and normalized by transmis-
sion through a coaxial aperture array without corrugations.
In Figure 1c a resonant peak corresponding to a Q-factor of
9 is clearly observed for |σ-〉 illumination around 570 nm.
The light transmission at the peak was found to be enhanced
by a factor of 16 relative to an uncorrugated aperture array.
The spectral transmission of a |σ+〉 illumination does not
exhibit any substantial resonance. Observation of a consider-
able spin-dependent transmission (with a ratio of about 3)
is presented.

The excitation of electromagnetic eigenmodes inside a
nanoaperture by surface waves is constrained by the AM
selection rule, which is given by

where lSM is the normalized OAM of the surface mode and

lGM is the normalized OAM of the guided mode inside the
coaxial structure. A conceptual scheme of the mechanism is
depicted in Figure 2.

The coaxial nanoapertures were designed to be a single
mode system, i.e., possessing a single allowed excitation for
lGM ) (1 (the analysis of the guided mode is presented in
the Supporting Information). The spiral corrugation couples
the incident light into a plasmonic wave and induces a
dynamic spiral phase according to the spiral grating pitch,
lS. In this experiment (see Figure 1b) the corrugation structure
adds a spiral phase with lS ) 2. We verified that only lS )
2 provides spin-dependent transmission enhancement through
the apertures. The exceptional transmission enhancement
observed in the experiment indicates that the eigenmode of
the coaxial waveguide was properly excited by a surface
mode. The apparent difference between lGM ) (1 and the
spiral charge lS ) 2 of the surface mode leads one to assume
that another mechanism induced an additional spin-dependent
spiral phase that compensated for the excess of AM on the
left side of the selection rule in eq 1. This phase modifies
the complete OAM of the surface mode to be lSM ) σin + lS

(σin is the incident spin), which now perfectly satisfies the
AM selection rule of the system. Thus, the incident spin is
converted into the OAM, conserving the total AM of the
system. This photon spin-orbit coupling through surface
plasmon excitation originates from a geometric Berry phase
arising in the system.18-21

The above effect can be regarded as a spatial angular
Doppler effect (ADE).22 In analogy with a temporal ADE,
where an observer at a reference frame rotating with a rate
Ωt registers a spin-dependent temporal frequency shift,23 here
a rotation of the periodic surface corrugation in space with
Ω" induces a spin-dependent spatial frequency shift. Ac-
cordingly, the geometric phase arising from this spatial
frequency modulation can be easily calculated to be φg )
-σin∫Ω" d", where the grating rotates along the coordinate
" by Ω" ) dθ/d", where the angle θ indicates the local
groove’s orientation. In the structure presented in Figure 1b
where " ) $, the geometric phase is simply given by the
spin-dependent spiral phase φg ) -σin$ producing the
required additional OAM for the surface wave to satisfy the

Figure 1 . Spin-dependent transmission through coaxial nanoap-
ertures. (a) Light transmission measured from the element for
|σ-〉, |σ+〉 + |σ-〉 and |σ+〉 illuminations. (b) Scanning electron
microscopy (SEM) picture of the element used in the experiment.
Spiral corrugations were either left-handed or right-handed,
depicted with a counterclockwise or clockwise arrow, respec-
tively. The magnified SEM pictures of a single element and a
coaxial nanoaperture are also presented. (c) Spectral transmission
enhancement for |σ-〉 (red line) and |σ+〉 (blue line). The spectrum
was normalized by the transmission measured for coaxial
apertures without corrugations.

lSM ) lGM (1)

Figure 2 . The mechanism of the nanoaperture’s excitation con-
trolled by the AM selection rules. The incident beam bears the
intrinsic angular momentum of σin. The excited surface mode
acquires the orbital angular momentum of lSM as a result of the
spin-orbit interaction. The guided mode with lGM is excited only
if the selection rule is satisfied.

Nano Lett., Vol. 9, No. 8, 2009 3017

AM selection rule (eq 1). Note that while polarization and
chirality effects in anisotropic inhomogeneous nanoscale
structures were investigated previously,24-27 the mechanism
of spin-orbit interaction was not distinguished.

In the second experiment the spin-orbit interaction
mechanism and the AM selection rules were experimentally
verified by investigating the effect in a circularly
symmetricsachiralsnanostructure.

For this purpose we induced an external OAM carried by
the incident beam instead of adding the OAM through a
spiral surface corrugation. We fabricated the element on the
same substrate, which consisted of an individual coaxial
aperture with the same dimensions as before, surrounded by
an annular coupling grating (see Figure 3a). This aperture
was illuminated by a green laser light (Verdi of Coherent; λ
) 532 nm) whose phase was modulated by a spatial light
modulator (SLM Hamamatsu - PPM X8267) to achieve a
spiral phase with lext ) 0, (2. The circular symmetry of

the coupling corrugation does not induce a dynamic phase,
which means that lS ) 0. However, due to the spin-orbit
interaction, the incident spin induces a spiral Berry phase
and, as before, is converted to the OAM component of the
surface mode. The external spiral phase modifies the
complete OAM of the surface mode to be lSM ) σin + lext.
Therefore, when the external OAM is zero, the resulting
surface mode AM is lSM ) (1, in which case the selection
rule is always satisfied and the transmission of the element
is undistinguished for distinct spin states. Moreover, provid-
ing an external spiral phase of lext ) 2, the AM of the surface
mode will be either 1 or 3 for an incident spin |σ-〉 or |σ+〉,
respectively. For lext ) -2, the surface mode AM will be
correspondingly, -3 for |σ-〉 and -1 for |σ+〉. As before,
the best overlapping of the surface mode and the guided
mode is obtained for lSM ) (1; therefore, the transmitted
intensity will be strongly dependent upon the incident spin.
Figure 3b shows the measured transmissions for various
combinations of lext and σin. The transmission ratio of the
two spin states was shown to be approximately 3 which is
close to the ratio measured with the spiral corrugations. Thus,
the suggested AM selection rule is verified for systems of
substantially different symmetry.

Additional understanding of the AM evolution in the
enhanced resonant transmission can be obtained by analyzing
the AM of the light scattered from the nanoaperture. To do
this, we investigated the scattered light far behind the
element. The transverse electric field component of the
guided mode28 with lGM ) 1, can be described by the Jones
vector

Er
GM ) (Ex, Ey)

T ) E0(r)(cos #, sin #)Te-i#

where E0(r) is the radial field dependence. Note that the
guided mode in a circular basis is given by

Er
GM ) E0(r)[1/√2)|σ+〉 + (1/√2)e-i2#|σ-〉]

This field distribution corresponds to a vectorial vortex (see
Figure 4a) with a Pancharatnam topological charge of 1,
resulting in a total AM of j ) 1. As was shown previously,29

such vectorial vortices are unstable and collapse upon
propagation. We have calculated the guided mode using finite
difference time domain algorithm (FDTD) and propagated
it to the far-field. The calculated far-field distribution was
compared to the experimental measurement (see Figure 4
b-e).

As expected from the far-field of Er
GM, we observed a

bright and a dark spot for the left and right circular
polarization components, respectively, with a good agreement
between calculation and measurement. Thus, the total AM
of light in our system is conserved also for the scattered light
(j ) 1). The analysis of the AM of the scattered light enables
characterizing the allowed excitations in nanoscale systems.

In summary, we presented the effect of spin symmetry
breaking via spin-orbit interaction, which occurs even in
rotationally symmetric (achiral) structures. We explored a
simple plasmonic nanostructure that can be resonantly excited
only if an AM selection rule is fulfilled. This selection rule
represents a matching of the angular momentum of the
incident radiation with the excited plasmonic modes in the

Figure 3 . The removal of the spin-degeneracy in circular corruga-
tion by use of externally induced OAM. (a) Experimental setup. A
laser beam is modulated by a spatial light modulator (SLM) to
obtain a spiral phase and then incident through a beam splitter (BS)
onto a coaxial aperture with circular corrugation. The transmitted
light is captured in the image plane by the camera. The spiral phase
with lext ) 2, the measured intensity distribution across the incident
beam, and the SEM picture of the element are presented in the
figure. (b) Intensity distribution cross sections captured by the
camera for different lext. The blue dashed lines correspond to |σ+〉
illumination and red solid lines correspond to |σ-〉 illumination.
The intensity was normalized by the transmission measured via a
coaxial aperture without the surrounding corrugation (the horizontal
dimension was scaled according to the optical magnification).

3018 Nano Lett., Vol. 9, No. 8, 2009



Spin and orbital AM in free space 

1σ = − 1σ =

Ohno & Miyanishi, OE 2006 



Focusing, scattering, and imaging 

  Lz = +σ ΦB  
Sz =σ 1− ΦB( ) ,

   
I
σ ρ,z( )∝ a J ρ( ) 2

+ b J+2σ
ρ( ) 2

+ 2 ab J+σ ρ( ) 2

The same spin-to-orbital AM 
conversion occurs in a high-NA 
focusing, with the same azimuthal 
Berry phase and spin-dependent 
intensity.  
The only difference is    -averaging. θ



Focusing, scattering, and imaging 

Spin-dependent intensity and radius of focal spot: 

Bliokh et al., OE 2011; Bokor et al., OE 2005 

1σ = −1σ =
   = 1

   
R

σ 
Lz

k sinθ
=
+σ 1− cosθ( )

k sinθ



Spin and orbital Hall effects 

  
k⊥Y

σ = −γ +σ ΦB( )⇒ -  orbital and spin  
   Hall effects of light 

1σ = −

1σ =

   = −4    = 0    = 4

( ),φ δ δ∈ −

-  azimuthally truncated field 
  (symmetry breaking along x) 

B. Zel’dovich et al. (1994),  
K.Y. Bliokh et al. (2008) 



K. Y. Bliokh et al., PRL (2008) 

   = 0
Plasmonic half-lens produces spin Hall effect: 

   Y ~σ

1σ = −

1σ =

Plasmonic experiment 



The SOI of light is a coupling between SAM and OAM. 
It is caused by the k-space distribution and geometric 
interference of plane waves. 

1.  In cylindrical geometry  
     polarization à vortex: 
    spin-to-orbit AM  
    conversion    ~σ

- +

2. In asymmetric fields 
polarization à position: 

    vortex à position: 
    spin, orbital Hall effects 
 

+ -

   Δy ~σ

Spin and orbital AM in free space 



Summary of the SOI in nonparaxial fields 

§ Modified SAM, OAM, and coordinate 
operators compatible with the transversality 

§ Berry phase terms:  Spin-dependent OAM and 
coordinates  

§ Spin-to-orbital AM conversion from the Berry 
phase between interfering plane waves 

§ Quantization of the beam radius (caustic) 

§ Spin and orbital Hall effects in asymmetric 
fields 



These results can be applied to a number of systems 
involving nonparaxial fields: 
 
1)  Tight focusing by high-NA lens 

2)  Scattering by small particles 

3)  High-NA microscopy and imaging 

Focusing, scattering, and imaging 



Focusing, scattering, and imaging 

Similar redistribution of waves on the sphere in k-space 
occurs upon scattering by a small particle: 

2
1 1 1
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1 1 1

1 1 1 11

1

1

2

2

2

2 2

ˆ
1

1 1
2

2

i i

i i

i i

b e a b e

b e a b e

a b e a b e

a

a

b

φ φ

φ φ

φ φ

− −

−

−⎛ ⎞+
⎜ ⎟
⎜ ⎟= +
⎜ ⎟⎜ ⎟⎝

−

− ⎠
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Bliokh et al., 2010, 2011 

-  dipole (Rayleigh) scattering 
   
E θ ,φ( )∝−r × r ×E0 0( )⎡⎣ ⎤⎦ = Π̂ θ ,φ( )E0 0( )

†ˆˆ ˆˆ
zU UΠ = P= spherical projection: 



Focusing, scattering, and imaging 

The same spin-to-orbital AM conversion, but helicity is not 
conserved: 

  
0,σ → 1

2
(1+ a1) 0,σ − b1 2σ ,−σ − 2a1b1 σ ,0⎡
⎣

⎤
⎦

2

2

1 cos ,
1 coszl

θσ
θ

−=
+

2

2

2cos
1 coszs θσ

θ
=

+

Integrating over all angles    , we obtain: θ

- OAM and SAM  
     -densities: θ

1 ,
2zL σ= 1

2zS σ=

Bliokh et al., 2011; Moe & Happer, 1977  



Focusing, scattering, and imaging 

“Plasmonic Aharonov-Bohm effect” : 

Gorodetski et al., PRB 2010 



Focusing, scattering, and imaging 

“Plasmonic Aharonov-Bohm effect” : 

Gorodetski et al., PRB 2010 



Focusing, scattering, and imaging 

Cf. the water-wave analogue: 

Berry et al., EJP 1980 



Focusing, scattering, and imaging 

Microscopy involves a series of focusing and scatterings 
inside, but it can have paraxial input and output fields: 

lens 

scatterer 

lens 

Hence, the SOI phenomena in the output field can be 
analyzed via usual polarimetry. 

Microscopy + Polarimetry = Far-field SOI imaging 



Focusing, scattering, and imaging 

Using 3D transformations of the field due to the focusing 
and scattering inside the system, we obtain 2D space-
variant Jones matrix connecting incoming and outgoing rays: 

( ) ( ) ( )01 2
lens 0 lens 0 0

ˆ ˆ ˆ, , , ,ii
sJ e U d e Uθ φ θ φ θ φΦΦ −= ∫∫r r

Rodrigues-Herrera et al., PRL 2010 



Focusing, scattering, and imaging 

If the scatterer is placed precisely on axis, the output 
polarization describes the spin-to-orbital AM conversion: 

2

2
(0)ˆ

i

i

be
b
a

J
ae

ϕ

ϕ

−⎛ −
∝

−
⎞

⎜ ⎟
⎝ ⎠

Stokes  
parameters: 

0, 0, 2 ,a bσ σ σ σ→ − −



Focusing, scattering, and imaging 

If the scatterer is placed a bit off-axis, the output 
polarization demonstrates giant spin Hall effect: 

(0) s s

s s

ˆ ˆ
i i

i i

e e
e e

J J
φ φ

φ φ

ρ ρ
ρ

α
ρ

− ∗ −

∗

⎛ ⎞
∝ + ⎜ ⎟

⎝ ⎠
( )s s sk x iyρ = +

Macro-separation of 
spins induced by  
subwavelength shift  
of the particle ! 



Focusing, scattering, and imaging 

High sensitivity of the SOI effects can be employed as a 
new method for subwavelength probing. We determined 
position of the scatterer using spin-Hall effect: 

Rodrigues-Herrera et al., PRL 2010 

λ /10



Summary of the SOI of light 

§ SOI is everywhere: propagation, refraction, 
reflection, focusing, scattering, diffraction, 
anisotropy, nonlinearity, etc. 

§ We can consider SOI as undesirable aberrations 
or employ it for fine manipulations with light 
using internal degrees of freedom. 

§  In any case, SOI effects cannot be ignored 
anymore as we deal with nano-optics and 
subwavelength scales. 

§ AM theory, energy flows, and geometric 
phases provide efficient description of SOI. 



q   Spin-orbit interaction in paraxial beams 
§ Propagation in gradient-index media 

§ Reflection/transmission at an interface 

q  Spin-orbit coupling in nonparaxial fields 
§ Spin and orbital AM in free space 

§ Focusing, scattering, imaging 

q  Spin-orbit coupling in inhomogeneous 
 anisotropic structures (metasurfaces) 

q  Transverse spin-momentum locking 



SOI in anisotropic nanostructures 

An efficient way of manipulation of SOI using artificial 
geometric phase was developed by E. Hasman et al. 

Bomzon et al., OL 2002 
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Space-variant Pancharatnam–Berry phase optical elements
with computer-generated subwavelength gratings
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Space-variant Pancharatnam–Berry phase optical elements based on computer-generated subwavelength grat-
ings are presented. By continuously controlling the local orientation and period of the grating we can achieve
any desired phase element. We present a theoretical analysis and experimentally demonstrate a Pancharat-
nam–Berry phase-based diffraction grating for laser radiation at a wavelength of 10.6 mm. © 2002 Optical
Society of America

OCIS codes: 260.5430, 350.1370, 050.2770, 050.1970.

The Pancharatnam–Berry phase is a geometric phase
associated with the polarization of light. When the
polarization of a beam traverses a closed loop on the
Poincaré sphere, the f inal state differs from the initial
state by a phase factor equal to half of the V area, en-
compassed by the loop on the sphere.1,2 In a typical
experiment, the polarization of a uniformly polarized
beam is altered by a series of space-invariant (trans-
versely homogeneous) wave plates and polarizers, and
the phase that evolves in the time domain is measured
by means of interference.3,4

Recently, we considered a Pancharatnam–Berry
phase in the space domain. Using space-variant
(transversely inhomogeneous) metal stripe subwave-
length gratings, we demonstrated conversion of
circular polarization into radial polarization5 and
showed that the conversion was accomplished by a
space-variant phase modif ication of geometric origin
that affected beam propagation.6 Previously, Bhan-
dari suggested the use of a discontinuous spatially
varying wave plate as a lens based on similar geomet-
ric phase effects.7 Recent studies have investigated
periodic polarization gratings.8 – 10 These authors
showed that the polarization of diffracted orders could
differ from polarization of the incident beam. We
intend to prove and to utilize a connection between
the properties of such polarization gratings and the
space-domain Pancharatnam–Berry phase.

In this Letter we consider optical phase elements
based on the space-domain Pancharatnam–Berry
phase. Unlike diffractive and refractive elements,
the phase is not introduced through optical path
differences but results from the geometric phase
that accompanies space-variant polarization manipu-
lation. The elements are polarization dependent,
thereby enabling multipurpose optical elements that
are suitable for applications such as optical switching,
optical interconnects, and beam splitting. We show
that such elements can be realized using continuous
computer-generated space-variant subwavelength
dielectric gratings. The continuity of the gratings en-
sures the continuity of the resulting field, thereby elim-
inating diffraction associated with discontinuity and
enabling the fabrication of elements with high diffrac-
tion efficiency. We experimentally demonstrate

Pancharatnam–Berry phase diffraction gratings for
CO2 laser radiation at a wavelength of 10.6 mm,
showing an ability to form complex polarization-
dependent continuous-phase elements.

Figure 1 illustrates the concept of Pancharatnam–
Berry phase optical elements (PBOEs) on the Poincaré
sphere. Circularly polarized light is incident on a
wave plate with constant retardation and a continuous
space-varying fast axis whose orientation is denoted
by u!x, y". We show that, since the wave plate is
space varying, the beam at different points traverses
different paths on the Poincaré sphere, resulting in a
space-variant phase-front modif ication that originates
from the Pancharatnam–Berry phase. Our goal is
to utilize this space-variant geometric phase to form
novel optical elements.

It is convenient to describe PBOEs by use of Jones
calculus. In this formalism, a wave plate with a
space-varying fast axis is described by the operator

T !x, y" ! R#u!x, y"$J!f"R21#u!x, y"$ ,

where J!f" is the operator for a wave plate with retar-
dation f, R is the operator for an optical rotator, and
u is the local orientation of the axis at each point !x, y".

Fig. 1. Illustration of the principle of PBOEs by use of the
Poincaré sphere.

0146-9592/02/131141-03$15.00/0 © 2002 Optical Society of America
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Fig. 2. Geometry of the space-variant subwavelength
grating as well as the DGPs for incident jR! and jL!
polarizations.

Fig. 3. Measurements of the transmitted far f ield for the
subwavelength PBOE grating when the retardation is f !
p"2 and f ! p, respectively, for incident (a) circular left,
(b) circular right, (c) linear polarizations.

12 periods of d. We formed the grating with a
maximum local subwavelength period of L ! 3.2 mm,
because the Wood anomaly occurs at 3.24 mm for
GaAs.11 We applied the grating to a 500-mm-thick
GaAs wafer using contact printing and electron–
cyclotron resonance etching with BCl3 to a nominal
depth of 2.5 mm to yield a retardation of f ! p"2. By
combining two such gratings we obtained a grating
with f ! p retardation. Figure 2 illustrates the ge-
ometry of the grating, as well the DGP for incident jL!
and jR! polarization states as calculated from Eq. (2).
The DGPs resemble blazed gratings with opposite
blazed directions for incident jL! and jR! polarization
states, as expected from our previous discussions.

After fabrication, we illuminated the PBOEs with
circular and linear polarization. Figure 3 shows the
experimental images of the diffracted f ields for the re-
sulting beams, as well as their cross sections when the
retardation was f ! p"2 and f ! p. When the in-
cident polarization is circular and f ! p"2, close to
50% of the light is diffracted according to a first-order
DGP (the direction of diffraction depends on the inci-
dent polarization), whereas the other 50% remained
undiffracted to zero order as expected from Eq. (2).
The polarization of the diffracted order has a switched
helicity as expected. For f ! p, no energy appears in
the zero order, and the diffraction eff iciency is close to
100%. When the incident polarization is linear Ei !
1 "

p
2 #jR! 1 jL!$, the two helical components of the

beam are subject to different DGPs of opposite sign
and are diffracted to f irst order in different directions.
When f ! p"2, the zero order maintains the original
polarization, in agreement with Eq. (2), whereas for p
retardation the diffraction is 100% efficient for both
circular polarizations, and no energy is observable at
zero order.

To conclude, we have demonstrated novel polar-
ization-dependent optical elements based on the
Pancharatnam–Berry phase. Unlike conventional
elements, PBOEs are not based on optical path differ-
ence but on geometric phase modification resulting
from space-variant polarization manipulation.

E. Hasman’s e-mail address is mehasman@tx.
technion.ac.il.
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Anisotropic structure with space-varying anisotropy axis: 



SOI in anisotropic nanostructures 

This results in space-variant geometric phase: 

  
Ĵ ∝ a −ibe2iϕ x ,y( )
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⎛

⎝
⎜⎜

⎞

⎠
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a = cos δ / 2( )
  
b = sin δ / 2( )
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Fig. 2. Geometry of the space-variant subwavelength
grating as well as the DGPs for incident jR! and jL!
polarizations.

Fig. 3. Measurements of the transmitted far f ield for the
subwavelength PBOE grating when the retardation is f !
p"2 and f ! p, respectively, for incident (a) circular left,
(b) circular right, (c) linear polarizations.

12 periods of d. We formed the grating with a
maximum local subwavelength period of L ! 3.2 mm,
because the Wood anomaly occurs at 3.24 mm for
GaAs.11 We applied the grating to a 500-mm-thick
GaAs wafer using contact printing and electron–
cyclotron resonance etching with BCl3 to a nominal
depth of 2.5 mm to yield a retardation of f ! p"2. By
combining two such gratings we obtained a grating
with f ! p retardation. Figure 2 illustrates the ge-
ometry of the grating, as well the DGP for incident jL!
and jR! polarization states as calculated from Eq. (2).
The DGPs resemble blazed gratings with opposite
blazed directions for incident jL! and jR! polarization
states, as expected from our previous discussions.

After fabrication, we illuminated the PBOEs with
circular and linear polarization. Figure 3 shows the
experimental images of the diffracted f ields for the re-
sulting beams, as well as their cross sections when the
retardation was f ! p"2 and f ! p. When the in-
cident polarization is circular and f ! p"2, close to
50% of the light is diffracted according to a first-order
DGP (the direction of diffraction depends on the inci-
dent polarization), whereas the other 50% remained
undiffracted to zero order as expected from Eq. (2).
The polarization of the diffracted order has a switched
helicity as expected. For f ! p, no energy appears in
the zero order, and the diffraction eff iciency is close to
100%. When the incident polarization is linear Ei !
1 "

p
2 #jR! 1 jL!$, the two helical components of the

beam are subject to different DGPs of opposite sign
and are diffracted to f irst order in different directions.
When f ! p"2, the zero order maintains the original
polarization, in agreement with Eq. (2), whereas for p
retardation the diffraction is 100% efficient for both
circular polarizations, and no energy is observable at
zero order.

To conclude, we have demonstrated novel polar-
ization-dependent optical elements based on the
Pancharatnam–Berry phase. Unlike conventional
elements, PBOEs are not based on optical path differ-
ence but on geometric phase modification resulting
from space-variant polarization manipulation.
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Fig. 2. Geometry of the space-variant subwavelength
grating as well as the DGPs for incident jR! and jL!
polarizations.

Fig. 3. Measurements of the transmitted far f ield for the
subwavelength PBOE grating when the retardation is f !
p"2 and f ! p, respectively, for incident (a) circular left,
(b) circular right, (c) linear polarizations.

12 periods of d. We formed the grating with a
maximum local subwavelength period of L ! 3.2 mm,
because the Wood anomaly occurs at 3.24 mm for
GaAs.11 We applied the grating to a 500-mm-thick
GaAs wafer using contact printing and electron–
cyclotron resonance etching with BCl3 to a nominal
depth of 2.5 mm to yield a retardation of f ! p"2. By
combining two such gratings we obtained a grating
with f ! p retardation. Figure 2 illustrates the ge-
ometry of the grating, as well the DGP for incident jL!
and jR! polarization states as calculated from Eq. (2).
The DGPs resemble blazed gratings with opposite
blazed directions for incident jL! and jR! polarization
states, as expected from our previous discussions.

After fabrication, we illuminated the PBOEs with
circular and linear polarization. Figure 3 shows the
experimental images of the diffracted f ields for the re-
sulting beams, as well as their cross sections when the
retardation was f ! p"2 and f ! p. When the in-
cident polarization is circular and f ! p"2, close to
50% of the light is diffracted according to a first-order
DGP (the direction of diffraction depends on the inci-
dent polarization), whereas the other 50% remained
undiffracted to zero order as expected from Eq. (2).
The polarization of the diffracted order has a switched
helicity as expected. For f ! p, no energy appears in
the zero order, and the diffraction eff iciency is close to
100%. When the incident polarization is linear Ei !
1 "

p
2 #jR! 1 jL!$, the two helical components of the

beam are subject to different DGPs of opposite sign
and are diffracted to f irst order in different directions.
When f ! p"2, the zero order maintains the original
polarization, in agreement with Eq. (2), whereas for p
retardation the diffraction is 100% efficient for both
circular polarizations, and no energy is observable at
zero order.

To conclude, we have demonstrated novel polar-
ization-dependent optical elements based on the
Pancharatnam–Berry phase. Unlike conventional
elements, PBOEs are not based on optical path differ-
ence but on geometric phase modification resulting
from space-variant polarization manipulation.
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Fig. 2. Geometry of the space-variant subwavelength
grating as well as the DGPs for incident jR! and jL!
polarizations.

Fig. 3. Measurements of the transmitted far f ield for the
subwavelength PBOE grating when the retardation is f !
p"2 and f ! p, respectively, for incident (a) circular left,
(b) circular right, (c) linear polarizations.

12 periods of d. We formed the grating with a
maximum local subwavelength period of L ! 3.2 mm,
because the Wood anomaly occurs at 3.24 mm for
GaAs.11 We applied the grating to a 500-mm-thick
GaAs wafer using contact printing and electron–
cyclotron resonance etching with BCl3 to a nominal
depth of 2.5 mm to yield a retardation of f ! p"2. By
combining two such gratings we obtained a grating
with f ! p retardation. Figure 2 illustrates the ge-
ometry of the grating, as well the DGP for incident jL!
and jR! polarization states as calculated from Eq. (2).
The DGPs resemble blazed gratings with opposite
blazed directions for incident jL! and jR! polarization
states, as expected from our previous discussions.

After fabrication, we illuminated the PBOEs with
circular and linear polarization. Figure 3 shows the
experimental images of the diffracted f ields for the re-
sulting beams, as well as their cross sections when the
retardation was f ! p"2 and f ! p. When the in-
cident polarization is circular and f ! p"2, close to
50% of the light is diffracted according to a first-order
DGP (the direction of diffraction depends on the inci-
dent polarization), whereas the other 50% remained
undiffracted to zero order as expected from Eq. (2).
The polarization of the diffracted order has a switched
helicity as expected. For f ! p, no energy appears in
the zero order, and the diffraction eff iciency is close to
100%. When the incident polarization is linear Ei !
1 "

p
2 #jR! 1 jL!$, the two helical components of the

beam are subject to different DGPs of opposite sign
and are diffracted to f irst order in different directions.
When f ! p"2, the zero order maintains the original
polarization, in agreement with Eq. (2), whereas for p
retardation the diffraction is 100% efficient for both
circular polarizations, and no energy is observable at
zero order.

To conclude, we have demonstrated novel polar-
ization-dependent optical elements based on the
Pancharatnam–Berry phase. Unlike conventional
elements, PBOEs are not based on optical path differ-
ence but on geometric phase modification resulting
from space-variant polarization manipulation.
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equations—how, indeed, one can achieve the
equal-amplitude condition and the constant phase
gradient along the interface through suitable de-
sign of the resonators.

There is a fundamental difference between the
anomalous refraction phenomena caused by phase
discontinuities and those found in bulk designer
metamaterials, which are caused by either negative
dielectric permittivity and negative magnetic
permeability or anisotropic dielectric permittivity
with different signs of permittivity tensor com-
ponents along and transverse to the surface (3, 4).

Phase response of optical antennas.The phase
shift between the emitted and the incident radia-
tion of an optical resonator changes appreciably

across a resonance. By spatially tailoring the geom-
etry of the resonators in an array and hence their
frequency response, one can design the phase
discontinuity along the interface and mold the
wavefront of the reflected and refracted beams in
nearly arbitrary ways. The choice of the reso-
nators is potentially wide-ranging, from electro-
magnetic cavities (9, 10) to nanoparticle clusters
(11, 12) and plasmonic antennas (13, 14). We
concentrated on the latter because of their widely
tailorable optical properties (15–19) and the ease
of fabricating planar antennas of nanoscale thick-
ness. The resonant nature of a rod antenna made
of a perfect electric conductor is shown in Fig.
2A (20).

Phase shifts covering the 0-to-2p range are
needed to provide full control of the wavefront.
To achieve the required phase coverage while
maintaining large scattering amplitudes, we used
the double-resonance properties of V-shaped an-
tennas, which consist of two arms of equal length
h connected at one end at an angle D (Fig. 2B).
We define two unit vectors to describe the ori-
entation of aV-antenna: ŝ along the symmetry axis
of the antenna and â perpendicular to ŝ (Fig. 2B).
V-antennas support “symmetric” and “antisym-
metric”modes (Fig. 2B, middle and right), which
are excited by electric-field components along ŝ
and â axes, respectively. In the symmetric mode,
the current distribution in each arm approximates

Fig. 2. (A) Calculated phase and amplitude of
scattered light from a straight rod antenna made of
a perfect electric conductor (20). The vertical dashed
line indicates the first-order dipolar resonance of
the antenna. (B) A V-antenna supports symmetric
and antisymmetric modes, which are excited, re-
spectively, by components of the incident field along
ŝ and â axes. The angle between the incident po-
larization and the antenna symmetry axis is 45°.
The schematic current distribution is represented
by colors on the antenna (blue for symmetric and
red for antisymmetric mode), with brighter color
representing larger currents. The direction of cur-
rent flow is indicated by arrows with color gradient.
(C) V-antennas corresponding to mirror images of
those in (B). The components of the scattered elec-
tric field perpendicular to the incident field in (B)
and (C) have a p phase difference. (D and E) An-
alytically calculated amplitude and phase shift of
the cross-polarized scattered light for V-antennas
consisting of gold rods with a circular cross section
and with various length h and angle between the
rods D at lo = 8 mm (20). The four circles in (D) and
(E) indicate the values of h and D used in exper-
iments. The rod geometry enables analytical cal-
culations of the phase and amplitude of the scattered
light, without requiring the extensive numerical
simulations needed to compute the same quan-
tities for “flat” antennas with a rectangular cross-
section, as used in the experiments. The optical
properties of a rod and “flat” antenna of the same
length are quantitatively very similar, when the
rod antenna diameter and the “flat” antenna
width and thickness are much smaller than the
length (20). (F) Schematic unit cell of the plasmonic
interface for demonstrating the generalized laws of
reflection and refraction. The sample shown in Fig. 3A
is created by periodically translating in the x-y plane
the unit cell. The antennas are designed to have
equal scattering amplitudes and constant phase
differenceDF = p/4 between neighbors. (G) Finite-
difference time-domain (FDTD) simulations of the
scattered electric field for the individual antennas
composing the array in (F). Plots show the scat-
tered electric field polarized in the x direction for
y-polarized plane wave excitation at normal in-
cidence from the silicon substrate. The silicon
substrate is located at z ≤ 0. The antennas are equally spaced at a sub-
wavelength separation G/8, where G is the unit cell length. The tilted red
straight line in (G) is the envelope of the projections of the spherical waves
scattered by the antennas onto the x-z plane. On account of Huygens’s

principle, the anomalously refracted beam resulting from the superposi-
tion of these spherical waves is then a plane wave that satisfies the
generalized Snell’s law (Eq. 2) with a phase gradient |dF/dx| = 2p/G along
the interface.
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that of an individual straight antenna of length
h (Fig. 2B, middle), and therefore the first-order
antenna resonance occurs at h ≈ leff/2, where
leff is the effective wavelength (14). In the anti-
symmetric mode, the current distribution in each
arm approximates that of one half of a straight
antenna of length 2h (Fig. 2B, right), and the
condition for the first-order resonance of this
mode is 2h ≈ leff/2.

The polarization of the scattered radiation
is the same as that of the incident light when
the latter is polarized along ŝ or â. For an ar-
bitrary incident polarization, both antenna modes
are excited but with substantially different am-
plitude and phase because of their distinctive reso-
nance conditions. As a result, the scattered light
can have a polarization different from that of the
incident light. These modal properties of the
V-antennas allow one to design the amplitude,
phase, and polarization state of the scattered light.
We chose the incident polarization to be at 45°
with respect to ŝ and â so that both the symmetric
and antisymmetric modes can be excited and
the scattered light has a substantial component
polarized orthogonal to that of the incident light.
Experimentally, this allows us to use a polarizer
to decouple the scattered light from the excitation.

As a result of the modal properties of the
V-antennas and the degrees of freedom in choosing
antenna geometry (h and D), the cross-polarized
scattered light can have a large range of phases
and amplitudes for a given wavelength lo; ana-

lytical calculations of the amplitude and phase
response of V-antennas assumed to be made of
gold rods are shown in Fig. 2, D and E. In Fig.
2D, the blue and red dashed curves correspond to
the resonance peaks of the symmetric and anti-
symmetric modes, respectively. We chose four
antennas detuned from the resonance peaks, as
indicated by circles in Fig. 2, D and E, which
provide an incremental phase of p/4 from left to
right for the cross-polarized scattered light. By
simply taking the mirror structure (Fig. 2C) of an
existing V-antenna (Fig. 2B), one creates a new
antenna whose cross-polarized radiation has an ad-
ditional p phase shift. This is evident by observing
that the currents leading to cross-polarized radia-
tion are p out of phase in Fig. 2, B and C. A set of
eight antennas were thus created from the initial
four antennas, as shown in Fig. 2F. Full-wave sim-
ulations confirm that the amplitudes of the cross-
polarized radiation scatteredby the eight antennas are
nearly equal,with phases inp/4 increments (Fig. 2G).

A large phase coverage (~300°) can also be
achieved by using arrays of straight antennas (fig.
S3). However, to obtain the same range of phase
shift their scattering amplitudes will be substan-
tially smaller than those of V-antennas (fig. S3).
As a consequence of its double resonances, the
V-antenna instead allows one to design an array
with phase coverage of 2p and equal, yet high,
scattering amplitudes for all of the array elements,
leading to anomalously reflected and refracted
beams of substantially higher intensities.

Experiments on anomalous reflection and
refraction. We demonstrated experimentally the
generalized laws of reflection and refraction
using plasmonic interfaces constructed by peri-
odically arranging the eight constituent antennas
as explained in the caption of Fig. 2F. The spacing
between the antennas should be subwavelength
so as to provide efficient scattering and to prevent
the occurrence of grating diffraction. However, it
should not be too small; otherwise, the strong near-
field coupling between neighboring antennas
would perturb the designed scattering amplitudes
and phases. A representative sample with the
densest packing of antennas,G = 11 mm, is shown
in Fig. 3A, where G is the lateral period of the
antenna array. In the schematic of the experimen-
tal setup (Fig. 3B), we assume that the cross-
polarized scattered light from the antennas on the
left side is phase-delayed as compared with the
ones on the right. By substituting into Eq. 2 –2p/G
for dF/dx and the refractive indices of silicon
and air (nSi and 1) for ni and nt, we obtain the
angle of refraction for the cross-polarized beam

qt,⊥ = arcsin[nSisin(qi) – lo/G]

Figure 3C summarizes the experimental results
of the ordinary and the anomalous refraction for
six samples with different G at normal incidence.
The incident polarization is along the y axis in
Fig. 3A. The sample with the smallest G corre-
sponds to the largest phase gradient and the most

Fig. 3. (A) Scanning electron microscope (SEM)
image of a representative antenna array fabricated
on a silicon wafer. The unit cell of the plasmonic
interface (yellow) comprises eight gold V-antennas
of width ~220 nm and thickness ~50 nm, and it
repeats with a periodicity of G = 11 mm in the x
direction and 1.5 mm in the y direction. (B) Schematic
experimental setup for y-polarized excitation (electric
field normal to the plane of incidence). (C and D)
Measured far-field intensity profiles of the refracted
beams for y- and x-polarized excitations, respective-
ly. The refraction angle is counted from the normal
to the surface. The red and black curves are mea-
sured with and without a polarizer, respectively, for
six samples with differentG. The polarizer is used to
select the anomalously refracted beams that are
cross-polarized with respect to the excitation. The
amplitude of the red curves is magnified by a factor
of two for clarity. The gray arrows indicate the
calculated angles of anomalous refraction according
to Eq. 6.

ð6Þ
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that of an individual straight antenna of length
h (Fig. 2B, middle), and therefore the first-order
antenna resonance occurs at h ≈ leff/2, where
leff is the effective wavelength (14). In the anti-
symmetric mode, the current distribution in each
arm approximates that of one half of a straight
antenna of length 2h (Fig. 2B, right), and the
condition for the first-order resonance of this
mode is 2h ≈ leff/2.

The polarization of the scattered radiation
is the same as that of the incident light when
the latter is polarized along ŝ or â. For an ar-
bitrary incident polarization, both antenna modes
are excited but with substantially different am-
plitude and phase because of their distinctive reso-
nance conditions. As a result, the scattered light
can have a polarization different from that of the
incident light. These modal properties of the
V-antennas allow one to design the amplitude,
phase, and polarization state of the scattered light.
We chose the incident polarization to be at 45°
with respect to ŝ and â so that both the symmetric
and antisymmetric modes can be excited and
the scattered light has a substantial component
polarized orthogonal to that of the incident light.
Experimentally, this allows us to use a polarizer
to decouple the scattered light from the excitation.

As a result of the modal properties of the
V-antennas and the degrees of freedom in choosing
antenna geometry (h and D), the cross-polarized
scattered light can have a large range of phases
and amplitudes for a given wavelength lo; ana-

lytical calculations of the amplitude and phase
response of V-antennas assumed to be made of
gold rods are shown in Fig. 2, D and E. In Fig.
2D, the blue and red dashed curves correspond to
the resonance peaks of the symmetric and anti-
symmetric modes, respectively. We chose four
antennas detuned from the resonance peaks, as
indicated by circles in Fig. 2, D and E, which
provide an incremental phase of p/4 from left to
right for the cross-polarized scattered light. By
simply taking the mirror structure (Fig. 2C) of an
existing V-antenna (Fig. 2B), one creates a new
antenna whose cross-polarized radiation has an ad-
ditional p phase shift. This is evident by observing
that the currents leading to cross-polarized radia-
tion are p out of phase in Fig. 2, B and C. A set of
eight antennas were thus created from the initial
four antennas, as shown in Fig. 2F. Full-wave sim-
ulations confirm that the amplitudes of the cross-
polarized radiation scatteredby the eight antennas are
nearly equal,with phases inp/4 increments (Fig. 2G).

A large phase coverage (~300°) can also be
achieved by using arrays of straight antennas (fig.
S3). However, to obtain the same range of phase
shift their scattering amplitudes will be substan-
tially smaller than those of V-antennas (fig. S3).
As a consequence of its double resonances, the
V-antenna instead allows one to design an array
with phase coverage of 2p and equal, yet high,
scattering amplitudes for all of the array elements,
leading to anomalously reflected and refracted
beams of substantially higher intensities.

Experiments on anomalous reflection and
refraction. We demonstrated experimentally the
generalized laws of reflection and refraction
using plasmonic interfaces constructed by peri-
odically arranging the eight constituent antennas
as explained in the caption of Fig. 2F. The spacing
between the antennas should be subwavelength
so as to provide efficient scattering and to prevent
the occurrence of grating diffraction. However, it
should not be too small; otherwise, the strong near-
field coupling between neighboring antennas
would perturb the designed scattering amplitudes
and phases. A representative sample with the
densest packing of antennas,G = 11 mm, is shown
in Fig. 3A, where G is the lateral period of the
antenna array. In the schematic of the experimen-
tal setup (Fig. 3B), we assume that the cross-
polarized scattered light from the antennas on the
left side is phase-delayed as compared with the
ones on the right. By substituting into Eq. 2 –2p/G
for dF/dx and the refractive indices of silicon
and air (nSi and 1) for ni and nt, we obtain the
angle of refraction for the cross-polarized beam

qt,⊥ = arcsin[nSisin(qi) – lo/G]

Figure 3C summarizes the experimental results
of the ordinary and the anomalous refraction for
six samples with different G at normal incidence.
The incident polarization is along the y axis in
Fig. 3A. The sample with the smallest G corre-
sponds to the largest phase gradient and the most

Fig. 3. (A) Scanning electron microscope (SEM)
image of a representative antenna array fabricated
on a silicon wafer. The unit cell of the plasmonic
interface (yellow) comprises eight gold V-antennas
of width ~220 nm and thickness ~50 nm, and it
repeats with a periodicity of G = 11 mm in the x
direction and 1.5 mm in the y direction. (B) Schematic
experimental setup for y-polarized excitation (electric
field normal to the plane of incidence). (C and D)
Measured far-field intensity profiles of the refracted
beams for y- and x-polarized excitations, respective-
ly. The refraction angle is counted from the normal
to the surface. The red and black curves are mea-
sured with and without a polarizer, respectively, for
six samples with differentG. The polarizer is used to
select the anomalously refracted beams that are
cross-polarized with respect to the excitation. The
amplitude of the red curves is magnified by a factor
of two for clarity. The gray arrows indicate the
calculated angles of anomalous refraction according
to Eq. 6.
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PhotonicSpinHall Effect atMetasurfaces
Xiaobo Yin,1,2 Ziliang Ye,1 Junsuk Rho,1 Yuan Wang,1 Xiang Zhang1,2*

The spin Hall effect (SHE) of light is very weak because of the extremely small photon momentum and
spin-orbit interaction. Here, we report a strong photonic SHE resulting in a measured large splitting
of polarized light at metasurfaces. The rapidly varying phase discontinuities along a metasurface,
breaking the axial symmetry of the system, enable the direct observation of large transverse motion
of circularly polarized light, even at normal incidence. The strong spin-orbit interaction deviates
the polarized light from the trajectory prescribed by the ordinary Fermat principle. Such a strong and
broadband photonic SHE may provide a route for exploiting the spin and orbit angular momentum
of light for information processing and communication.

The relativistic spin-orbit coupling of elec-
trons results in intrinsic spin precessions
and, therefore, spin polarization–dependent

transverse currents, leading to the observation of
the spin Hall effect (SHE) and the emerging field
of spintronics (1–3). The coupling between an
electron’s spin degree of freedom and its orbital
motion is similar to the coupling of the transverse
electric andmagnetic components of a propagating
electromagnetic field (4). To conserve total angular
momentum, an inhomogeneity of material’s in-
dex of refraction can cause momentum transfer
between the orbital and the spin angular momen-
tum of light along its propagation trajectory, re-
sulting in transverse splitting in polarizations.
Such a photonic spin Hall effect (PSHE) was re-
cently proposed theoretically to describe the spin-
orbit interaction, the geometric phase, and the
precession of polarization in weakly inhomoge-
neous media, as well as the interfaces between
homogenous media (5, 6).

However, the experimental observation of the
SHE of light is challenging, because the amount
of momentum that a photon carries and the spin-
orbit interaction between the photon and its me-
dium are exceedingly small. The exploration of
such a weak process relies on the accumulation
of the effect through many multiple reflections
(7) or ultrasensitive quantumweakmeasurements
with pre- and postselections of spin states (8, 9).
Moreover, the present theory of PSHE assumes

the conservation of total angular momentum over
the entire beam (5–9), which may not hold, es-
peciallywhen tailoredwavelength-scale photonic
structures are introduced. In this work, we demon-
strate experimentally the strong interactions be-
tween the spin and the orbital angular momentum
of light in a thin metasurface—a two-dimensional
(2D) electromagnetic nanostructurewith designed
in-plane phase retardation at thewavelength scale.
In such an optically thin material, the resonance-
induced anomalous “skew scattering” of light

destroys the axial symmetry of the system that
enables us to observe a giant PSHE, even at
the normal incidence. In contrast, for interfaces
between two homogeneous media, the spin-orbit
coupling does not exist at normal incidence (5–9).

Metamaterial made of subwavelength com-
posites has electromagnetic responses that largely
originate from the designed structures rather than
the constituent materials, leading to extraordinary
properties including negative index of refraction
(10, 11), superlens (12), and optical invisibilities
(13, 14). As 2Dmetamaterials, metasurfaces have
shown intriguing abilities in manifesting electro-
magnetic waves (15, 16). Recently, anomalous
reflection and refraction at a metasurface has been
reported (17, 18), and a variety of applications, such
as flat lenses, have been explored (19–22). How-
ever, the general approach toward metasurfaces
neglects the spin degree of freedom of light, which
can be substantial in these materials. We show here
that the rapidly varying in-plane phase retardation
that is dependent on position along the metasurface
introduces strong spin-orbit interactions, depart-
ing the light trajectory (S) from what is depicted
by Fermat principles, S = SFermat + SSO (where SSO
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Fig. 1. (A) Schematic of the PSHE.
The spin-orbit interaction originates
from the transverse nature of light.
When light is propagating along a
curved trajectory, the transversality
of electromagnetic waves requires a
rotation in polarization. (B) Trans-

verse polarization splitting induced by a metasurface with a strong gradient of phase retardation along the x
direction. The rapid phase retardation refracts light in a skewing direction and results in the PSHE. The strong spin-
orbit interactionwithin the optically thinmaterial leads to the accumulationof circular components of the beam in
the transverse directions (y′ directions) of the beam, even when the incident angle is normal to the surface.
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PhotonicSpinHall Effect atMetasurfaces
Xiaobo Yin,1,2 Ziliang Ye,1 Junsuk Rho,1 Yuan Wang,1 Xiang Zhang1,2*

The spin Hall effect (SHE) of light is very weak because of the extremely small photon momentum and
spin-orbit interaction. Here, we report a strong photonic SHE resulting in a measured large splitting
of polarized light at metasurfaces. The rapidly varying phase discontinuities along a metasurface,
breaking the axial symmetry of the system, enable the direct observation of large transverse motion
of circularly polarized light, even at normal incidence. The strong spin-orbit interaction deviates
the polarized light from the trajectory prescribed by the ordinary Fermat principle. Such a strong and
broadband photonic SHE may provide a route for exploiting the spin and orbit angular momentum
of light for information processing and communication.

The relativistic spin-orbit coupling of elec-
trons results in intrinsic spin precessions
and, therefore, spin polarization–dependent

transverse currents, leading to the observation of
the spin Hall effect (SHE) and the emerging field
of spintronics (1–3). The coupling between an
electron’s spin degree of freedom and its orbital
motion is similar to the coupling of the transverse
electric andmagnetic components of a propagating
electromagnetic field (4). To conserve total angular
momentum, an inhomogeneity of material’s in-
dex of refraction can cause momentum transfer
between the orbital and the spin angular momen-
tum of light along its propagation trajectory, re-
sulting in transverse splitting in polarizations.
Such a photonic spin Hall effect (PSHE) was re-
cently proposed theoretically to describe the spin-
orbit interaction, the geometric phase, and the
precession of polarization in weakly inhomoge-
neous media, as well as the interfaces between
homogenous media (5, 6).

However, the experimental observation of the
SHE of light is challenging, because the amount
of momentum that a photon carries and the spin-
orbit interaction between the photon and its me-
dium are exceedingly small. The exploration of
such a weak process relies on the accumulation
of the effect through many multiple reflections
(7) or ultrasensitive quantumweakmeasurements
with pre- and postselections of spin states (8, 9).
Moreover, the present theory of PSHE assumes

the conservation of total angular momentum over
the entire beam (5–9), which may not hold, es-
peciallywhen tailoredwavelength-scale photonic
structures are introduced. In this work, we demon-
strate experimentally the strong interactions be-
tween the spin and the orbital angular momentum
of light in a thin metasurface—a two-dimensional
(2D) electromagnetic nanostructurewith designed
in-plane phase retardation at thewavelength scale.
In such an optically thin material, the resonance-
induced anomalous “skew scattering” of light

destroys the axial symmetry of the system that
enables us to observe a giant PSHE, even at
the normal incidence. In contrast, for interfaces
between two homogeneous media, the spin-orbit
coupling does not exist at normal incidence (5–9).

Metamaterial made of subwavelength com-
posites has electromagnetic responses that largely
originate from the designed structures rather than
the constituent materials, leading to extraordinary
properties including negative index of refraction
(10, 11), superlens (12), and optical invisibilities
(13, 14). As 2Dmetamaterials, metasurfaces have
shown intriguing abilities in manifesting electro-
magnetic waves (15, 16). Recently, anomalous
reflection and refraction at a metasurface has been
reported (17, 18), and a variety of applications, such
as flat lenses, have been explored (19–22). How-
ever, the general approach toward metasurfaces
neglects the spin degree of freedom of light, which
can be substantial in these materials. We show here
that the rapidly varying in-plane phase retardation
that is dependent on position along the metasurface
introduces strong spin-orbit interactions, depart-
ing the light trajectory (S) from what is depicted
by Fermat principles, S = SFermat + SSO (where SSO

1National Science Foundation Nanoscale Science and Engi-
neering Center, 3112 Etcheverry Hall, University of California
at Berkeley, Berkeley, CA 94720, USA. 2Materials Sciences
Division, Lawrence Berkeley National Laboratory (LBNL), 1
Cyclotron Road, Berkeley, CA 94720, USA.

*Corresponding author. E-mail: xiang@berkeley.edu

Fig. 1. (A) Schematic of the PSHE.
The spin-orbit interaction originates
from the transverse nature of light.
When light is propagating along a
curved trajectory, the transversality
of electromagnetic waves requires a
rotation in polarization. (B) Trans-

verse polarization splitting induced by a metasurface with a strong gradient of phase retardation along the x
direction. The rapid phase retardation refracts light in a skewing direction and results in the PSHE. The strong spin-
orbit interactionwithin the optically thinmaterial leads to the accumulationof circular components of the beam in
the transverse directions (y′ directions) of the beam, even when the incident angle is normal to the surface.
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is a correction to the light trajectory raised from the
metasurface-induced spin-orbit interaction).

The PSHE or the spin-orbit interaction arises
from the noncolinear momentum and velocity (the
change of trajectory) of light. When light is prop-
agating along a curved trajectory (Fig. 1A), the
time-varyingmomentum along the light pathmust
introduce a geometric polarization rotation tomain-
tain the polarization transverse to its new prop-
agation direction (23), e%̇ ¼ −kð%e ⋅ k̇Þ=k2. Here, e%
and k are the polarization vector and the wave
vector, respectively, k̇ is the change of the prop-
agation direction, and k is the amplitude of the
wave vector. The rotation of the polarization de-
pends on the helicity of light andmay be considered
as circular birefringence with a pure geometric
origin (23–25). As the back-action from geomet-
ric polarization rotations, the spin-orbit interac-
tion also changes the propagation path of light,
as we will show in later sections, resulting in a
helicity-dependent transverse displacement for
light; i.e., photonic SHE.

For an ordinary interface between two homo-
geneous media, when a Gaussian beam impinges
onto the interface at normal incidence, the axial
symmetry normal to the surface eliminates the
spin-orbit coupling, and the total angular momen-
tum of the entire beam is conserved. However, by
designing a metasurface with a rapid gradient of
phase discontinuity ∇F along the interface in the
x direction (Fig. 1B), we introduce a strong spin-
orbit coupling when the light is refracted off the
interface. The rapid, wavelength-scale phase re-
tardation can be incorporated in the optical path
by suitable design of the interface (17, 18, 26).
Such a position-dependent phase discontinuity
removes the axial symmetry of the interface and,
therefore, allows us to observe the PSHE, even at
the normal incident angle. Figure 1B schemati-
cally depicts the PSHE for the light beam that is
refracted off a metasurface with rapid in-plane
phase retardation. The momentum conservation at
the metasurface now must take into account that
the position-dependent phase retardation and the
induced effective circular birefringence are deter-
mined by the gradient of the in-plane phase change
or the curvature of the ray trajectory, ðk̇$ kÞ=k2
(7), where k̇depends on the rapid phase change.
For a linearly polarized incidence, light of op-
posite helicities will be accumulated at the op-
posite edges of an anomalously refracted beam
in the transverse direction (Fig. 1B). The faster
the in-plane phase changes, the stronger the effect
becomes. Because both the local phase response
and its gradient are tailored through metamate-
rial design, the optical spin-orbit interaction from
the metasurface is strong, broadband, and wide-
ly tunable.

To experimentally observe the strong PSHE
at themetasurfaces,we used a polarization-resolved
detection setup (Fig. 2), which allows precise
measurement of Stokes parameters of the refracted
beam, providing the spin-state information of the
light in the far field. A supercontinuum light
source is used for broadband measurement, and

the beam is focused onto the sample with a spot
size of ~50 mm. Our metasurfaces consist of
V-shaped gold antennas. By changing the length
and orientation of the arms of the V-shaped struc-
tures, the subwavelength antennas at resonance
introduce tunable phase retardations between the
incident and the forward-propagating fields. For
linear phase retardation along the x direction, we
chose eight antennas with optimized geometry
parameters. We measured samples with different
phase gradients; a scanning electron microscope
image of the antenna array with a phase gradient
of 4.4 rad/mm is shown in Fig. 2A as one ex-
ample. We used a lens of 50-mm focal length to
collect the anomalously refracted far-field trans-
mission through the metasurface, and we imaged
this transmission on an InGaAs camera. The
polarization of the incidence is linear and can be
adjusted in either the x or y directions with a half-
wave plate. The polarization states of the anom-
alously and the regularly refracted beams are
resolved at the far field using an achromatic
quarter-wave plate, a half-wave plate, and a po-

larizer with an extinction ratio greater than 105

for all wavelengths of interest.
Because the polarization state of light is un-

ambiguously determined by the Stokes vector S
⇀

on a unit Poincaré sphere, the evolution of the
polarization due to spin-orbit interaction is well
described by the precession of the Stokes vector
on a Poincaré sphere. The helicity or the handedness
of light is given by the circular Stokes S z param-
eter (circular polarization) S z ¼ Isþ − Is−

Isþ þ Is−
, where

Isþ and Is − are the intensities of the anomalous
refraction with circular polarization basis, which
were imaged successively using the camera. The
coordinates of the image represent the in-plane
wave vectors of the refracted beams. The right
circular s+ and left circular s– polarizations are
discriminated by setting appropriately the angle
of the wave plates and polarization analyzer.
Using the polarization-resolved detection, we cal-
culated the circular Stokes parameter of the anom-
alously refracted beam from measurements for
each pixel; this is shown in Fig. 3A for x-polarized
incidence. The in-plane wave vector dependence

Fig. 2. (A) Scanning electron microscope image of a metasurface with a rapid phase gradient in the
horizontal (x) direction. The period of the constituent V-shaped antenna is 180 nm. Eight antennas with
different lengths, orientations, and spanning angles were chosen for a linear phase retardation, ranging
from 0 to 2p with p /4 intervals. Scale bar, 500 nm. (B) Light from a broadband source was focused onto
the sample with a lens (focal length f = 50 mm). The polarization can be adjusted in both the x and y
directions with a half-wave plate. The regularly and anomalously refracted far-field transmission through
the metasurface was collected using a lens ( f = 50 mm) and imaged on an InGaAs camera. The
polarization state of the transmission is resolved by using an achromatic quarter-wave plate (l /4), a half-
wave plate (l /2), and a polarizer with a high extinction ratio. P, polarizer.

Fig. 3. (A) Observation of a giant SHE: the helicity of the anomalously refracted beam. The incidence is
from the silicon side onto the metasurface and is polarized along the x direction along the phase gradient.
The incidence angle is at surface normal. Red and blue represent the right and left circular polarizations,
respectively. (B) Helicity of the refracted beam with incidence polarized along the y direction.
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Recent years have witnessed a growing interest
in helical beams that are exploited in a variety of
applications. These include trapping of atoms and
macroscopic particles,1,2 transferring of orbital angu-
lar momentum to macroscopic objects,1 – 3 rotational
frequency shifting, the study of optical vortices,4 and
specialized alignment schemes. Beams with helical
(or spiral) wave fronts are described by complex
amplitudes u!r, v" ~ exp!2ilv", where r and v
are the cylindrical coordinates, namely, the radial
coordinate and the azimuthal angle, respectively,
and l is the topological charge of the beams. At the
center, the phase has a screw dislocation, also called
a phase singularity or optical vortex. Typically,
hellical beams are formed by manipulation of light
after it emerges from a laser by superposition of two
orthogonal (nonhelical) beams or by transformation
of Gaussian beams into helical beams by means of
computer-generated holograms,2,4 cylindrical lenses,
and spiral phase elements (SPEs).5 Alternatively, a
helical beam can be generated inside a laser cavity by
insertion of SPEs into the laser cavity.6 The common
approaches to forming SPEs are as refractive or
diffractive optical elements by use of a milling tool, by
use of a single-stage etching process with a gray-scale
mask, or with a multistage etching process.6 Such
helical beam formations generally are cumbersome
or diff icult to achieve or suffer from large numbers
of aberrations, low efficiency, or large and unstable
optical system.

In this Letter we consider novel SPEs based on the
space-domain Pancharatnam–Berry phase.7,8 Unlike
diffractive and refractive elements, the phase is
not introduced through optical path differences but
results from the geometrical phase that accompanies
space-variant polarization manipulation. We show
that such elements can be achieved by use of continu-
ous computer-generated space-variant subwavelength
dielectric gratings. Moreover, we experimentally
demonstrate SPEs with different topological charges
based on a Pancharatnam–Berry phase manipulation,
with axially symmetric local subwavelength groove
orientation, for CO2 laser radiation at a wavelength of
10.6 mm.

Recently, space-variant polarization-state manipu-
lations were demonstrated with computer-generated
subwavelength structures.9 When the period of a

subwavelength periodic structure is smaller than the
incident wavelength, only zeroth order is a propagating
order, and all other orders are evanescent. The sub-
wavelength periodic structure behaves as a uniaxial
crystal with the optical axes parallel and perpendicu-
lar to the subwavelength grooves. Therefore, by
fabricating quasi-periodic subwavelength structures,
for which the period and the orientation of the sub-
wavelength grooves were space varying, we achieved
continuously rotating wave plates.10 Furthermore,
we showed that such polarization manipulations
inevitably lead to phase modif ication of geometrical
origin results from local polarization manipulation
and are in fact a manifestation of the geometrical
Pancharatnam–Berry phase.9,11 Optical elements
that use this effect to form a desired phase front
are called Pancharatnam–Berry phase optical ele-
ments (PBOEs).12 In this Letter we maintain that
the formation of a PBOE with a spiral geometrical
phase indicates an ability to form complex continuous
PBOEs.

The PBOEs are considered wave plates with con-
stant retardation and continuously space varying fast
axes, the orientation of which is denoted u!r, v". It is
convenient to describe PBOEs by using Jones calculus.
We find the space-dependent transmission matrix for
the PBOE by applying the optical rotator matrix to the
Jones matrix of the subwavelength dielectric grating
to obtain, on a helical basis,12

T !r,v" !
1
2

#tx 1 ty exp!if"$
∑
1 0
0 1

∏
1

1
2

#tx 2 ty

3 exp!if"$
∑

0 exp#i2u!r,v"$
exp#2i2u!r,v"$ 0

∏
, (1)

where tx and ty are the real amplitude transmission co-
efficients for light polarized perpendicular and parallel
to the optical axes, respectively, and f is the retarda-
tion of the grating. Thus, for an incident plane wave
with arbitrary polarization jEin%, we find that the re-
sulting field is

jEout% !
p

hE jEin% 1
p

hR exp#i2u!r,v"$ jR%

1
p

hL exp#2i2u!r,v"$ jL% , (2)
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where hE ! j1/2 !tx 1 ty exp"if#$j2, hR ! j1/2 !tx 2
ty exp"if#$ %EinjL&j2, and hL ! j1/2 !tx 2 ty exp"if#$ 3
%EinjR&j2 are the polarization order coupling eff icien-
cies, %ajb& denotes an inner product, and jR& ! "1 0#T
and jL& ! "0 1#T represent the right-hand and the
left-hand circular polarization components, respec-
tively. From Eq. (2) one can see that the emerging
beam from a PBOE comprises three polarization
orders. The first maintains the original polarization
state and phase of the incident beam, the second is
right-hand circularly polarized and has a phase modi-
fication of 2u"r, v#, and the third has a polarization
direction and a phase modification opposite those of
the former polarization order. Note that the polar-
ization eff iciencies depend on the shape and material
of the groove as well as on the polarization state of the
incident beam. For the substantial case tx ! ty ! 1
and f ! p, an incident wave with jR& polarization
is subject to total polarization state conversion and
results in an emerging field:

jEout& ! exp!2i2u"r,v#$ jL& . (3)

An important property of Eq. (3) is that the phase
factor depends on the local orientation of the sub-
wavelength grating. This dependence is geometrical
in nature and originates solely from local changes in
the polarization state of the emerging beam. This
dependence can be illustrated by use of a Poincaré
sphere with three Stokes parameters, S1, S2, and
S3, representing a polarization state, as depicted in
Fig. 1(a). The incident right-hand polarized and the
transmitted left-hand polarized waves correspond to
the north and the south poles of the sphere, respec-
tively. Inasmuch as the subwavelength grating is
space varying, the beam at different points traverses
different paths on the Poincaré sphere. For instance,
the geodesic lines Â and B̂ represent different paths
for two waves transmitted through element domains
of local orientations u"r, 0# and u"r, v#. Geomet-
rical calculations show that the phase difference
wp ! 22u"r, v# between states, corresponding to
u"r, 0# and u"r, v# orientations, is equal to half of the
area V enclosed by geodesic lines Â and B̂.9,11 This
fact is in compliance with the well-known rule, pro-
posed by Pancharatnam, for comparing the phases of
two light beams with different polarizations7 and can
be considered an extension into the space domain of
the rule that we mentioned.

To design a continuous subwavelength struc-
ture with the desired phase modification, we de-
fine a space-variant subwavelength grating vector
Kg"r, v#, oriented perpendicular to the desired
subwavelength grooves. Figure 1(b) illustrates
this geometrical definition of the grating vec-
tor. To design a PBOE with a spiral geometrical
phase we need to ensure that the direction of
the grating grooves is given by u"r, v# ! lv'2,
where l is the topological charge. Therefore, from
Fig. 1(b), the grating vector is given by Kg"r, v# !
K0"r, v# (cos!"l'2 2 1#v$r̂ 1 sin!"l'2 2 1#v$v̂), where

K0 ! 2p'L"r, v# is the local spatial frequency of a
grating with a local period L"r, v#.

To ensure the continuity of the subwavelength
grooves we required that = 3 Kg ! 0, which resulted
in a differential equation that could be solved to
yield the local grating period. The solution to this
problem yielded K0"r# ! "2p'L0# "r0'r#l'2, where L0
is the local subwavelength period at r ! r0. Con-
sequently the grating function fg (def ined such
that Kg ! =fg) was then found by integration of
Kg"r, v# over an arbitrary path to yield fg"r, v# !
"2pr0'L0# "r0'r#l'221 cos!"l'2 2 1#v$'"l'2 2 1# for
l fi 2 and fg"r, v# ! "2pr0'L0# ln"r'r0# for l ! 2.
We then obtained a Lee-type binary grating to de-
scribe the grating function,11 fg, for l ! 1, 2, 3, 4.
The grating was fabricated for CO2 laser radiation
with a wavelength of 10.6 mm, with L0 ! 2 mm,
r0 ! 4.7 mm, and a maximum radius of 6 mm, re-
sulting in 2 mm # L"r# # 3.2 mm. We formed the
grating with a maximum local period of 3.2 mm in
order not to exceed the Wood anomaly of GaAs. The
magnified geometries of the gratings for four topologi-
cal charges are presented in Fig. 2. The elements
were fabricated upon 500-mm-thick GaAs wafers
by contact photolithography and electron-cyclotron
resonance etching with BCl3 to a nominal depth of
2.5 mm, resulting in measured values of retardation
of f ! p'2 and tx ! ty ! 0.9 . These values are close
to the theoretical predictions achieved by rigorous
coupled-wave analysis. The inset in Fig. 2 shows

Fig. 1. (a) Illustration of the principle of PBOEs by use
of the Poincaré sphere; insets, local orientations of the
subwavelength grooves. (b) Geometrical definition of the
grating vector.

Fig. 2. Top, geometry of the subwavelength gratings for
four topological charges. Bottom, image of a typical grat-
ing profile taken with a scanning-electron microscope.
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Fig. 3. (a) Interferogram measurements of the spiral
PBOEs. (b) The corresponding spiral phases for different
topological charges.

Fig. 4. Experimental far-f ield images and their calculated
and measured cross sections for the helical beams with l !
1 4.

a scanning-electron microscope image of one of the
dielectric structures.

Following the fabrication, the spiral PBOEs were
illuminated with a right-hand circularly polarized
beam, jR!, at 10.6-mm wavelength. To provide ex-
perimental evidence of the resultant spiral phase
modif ication of our PBOEs we used a self-interfero-
gram measurement, using PBOEs with retardation
f ! p"2. For such elements the transmitted beam
comprises two polarization orders: jR! polarization
state and jL! with a phase modification of 2ilv,
according to Eq. (2). The near-f ield intensity distri-
butions of the transmitted beams that were followed by
a linear polarizer were then measured. Figure 3(a)
shows the interferogram patterns for various spiral
PBOEs. The intensity dependence on the azimuthal
angle is of the form I ~ 1 1 cos#lv$, whereas the
number of the fringes is equal to l, the topological
charge of the beam. Figure 3(b) illustrates the phase
fronts that result from the interferometer analysis,
indicating spiral phases with different topological
charges.

Figure 4 shows the far-field images of transmitted
beams that have various topological charges as well
as the measured and theoretically calculated cross
sections. We achieved the experimental result by
focusing the beam through a 500-mm focal-length lens

followed by a circular polarizer. We used the circular
polarizer to transmit only the desired jL! state and
to eliminate the jR! polarization order that appeared
because of the insuff icient etched depth of the grating.
Dark spots can be observed at the center of the
far-field images, providing evidence of phase singu-
larity in the center of the helical beams. We found
excellent agreement between theory and experiment,
clearly indicating the spiral phases of the beams with
different topological charges.

To conclude, we have demonstrated the formation
of helical beams by using space-variant Pancharat-
nam–Berry phase optical elements based on com-
puter-generated subwavelength dielectric gratings.
The formation of the spiral phase by the PBOE is
subject to control of the local orientation of the grating.
This can be achieved with a high level of accuracy
by use of an advanced photolithographic process. In
contrast, in the formation of a SPE based on refractive
optics the phase is inf luenced by fabrication errors
caused by inaccuracy of the etched three-dimensional
profile. We are currently investigating a photolitho-
graphic process with which to achieve accurate control
of the retardation phase to yield only the desired
polarization order.

E. Hasman’s e-mail address is mehasman@tx.
technion.ac.il.
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efficient light scattering into the cross-polarized
beams. We observed that the angles of anoma-
lous refraction agree well with theoretical pre-
dictions of Eq. 6 (Fig. 3C). The same peak
positions were observed for normal incidence,
with polarization along the x axis in Fig. 3A (Fig.
3D). To a good approximation, we expect that the
V-antennas were operating independently at the
packing density used in experiments (20). The
purpose of using a large antenna array (~230 mm
by 230 mm) is solely to accommodate the size
of the plane-wave–like excitation (beam radius
~ 100 mm). The periodic antenna arrangement
is used here for convenience but is not necessary
to satisfy the generalized laws of reflection and
refraction. It is only necessary that the phase
gradient is constant along the plasmonic interface
and that the scattering amplitudes of the antennas
are all equal. The phase increments between
nearest neighbors do not need to be constant, if
one relaxes the unnecessary constraint of equal
spacing between nearest antennas.

The angles of refraction and reflection are
shown in Fig. 4, A and B, respectively, as a
function of qi for both the silicon-air interface
(black curves and symbols) and the plasmonic
interface (red curves and symbols) (20). In the
range of qi = 0° to 9°, the plasmonic interface

Fig. 4. (A) Angle of refraction versus angle of incidence for the ordinary (black curve and triangles)
and anomalous refraction (red curve and dots) for the sample with G = 15 mm. The curves are
theoretical calculations made by using the generalized Snell’s law for refraction (Eq. 2), and the
symbols are experimental data extracted from refraction measurements as a function of the angle of
incidence (20). The shaded region represents “negative” refraction for the cross-polarized light, as
illustrated in the inset. The blue arrows indicate the modified critical angles for total internal reflection.
(B) Angle of reflection versus angle of incidence for the ordinary (black curve) and anomalous (red
curve and dots) reflection for the sample with G = 15 mm. The top left inset is the zoom-in view. The
curves are theoretical calculations made by using Eq. 4, and the symbols are experimental data
extracted from reflection measurements as a function of the angle of incidence (20). The shaded
region represents “negative” reflection for the cross-polarized light, as illustrated in the bottom right
inset. The blue arrow indicates the critical angle of incidence above which the anomalously reflected
beam becomes evanescent. Experiments with lasers emitting at different wavelengths show that the
plasmonic interfaces are broadband, anomalously reflecting and refracting light from l≈ 5 mm to l≈
10 mm.

Fig. 5. (A) SEM image of a plasmonic interface that
creates an optical vortex. The plasmonic pattern
consists of eight regions, each occupied by one
constituent antenna of the eight-element set of Fig.
2F. The antennas are arranged so as to generate a
phase shift that varies azimuthally from 0 to 2p, thus
producing a helicoidal scattered wavefront. (B) Zoom-in
view of the center part of (A). (C and D) Respectively,
measured and calculated far-field intensity distributions
of an optical vortex with topological charge one. The
constant background in (C) is due to the thermal ra-
diation. (E and F) Respectively, measured and calcu-
lated spiral patterns created by the interference of the
vortex beam and a co-propagating Gaussian beam. (G
and H) Respectively, measured and calculated interfer-
ence patterns with a dislocated fringe created by the
interference of the vortex beam and a Gaussian beam
when the two are tilted with respect to each other. The
circular border of the interference pattern in (G) arises
from the finite aperture of the beam splitter used to
combine the vortex and the Gaussian beams (20). The
size of (C) and (D) is 60mm by 60mm, and that of (E)
to (H) is 30 mm by 30 mm.
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SOI in anisotropic nanostructures 

Cf. work by L. Marrucci et al. in PRL 2011 (q-plates):  

mentum from the spin form to the orbital form takes place,
with matter playing only an intermediate role. We note that
this is a rather counterintuitive process, in which the input
polarization of light controls the shape of the output wave
front.

To illustrate these effects, let us consider the specific
case of a planar slab of a uniaxial birefringent medium,
having an homogeneous birefringent phase retardation of
! (half-wave) across the slab and an inhomogeneous ori-
entation of the fast (or slow) optical axis lying parallel to
the slab planes. We assume that the light beam impinges on
the slab at normal incidence, so that the slab planes are
parallel to the xy coordinate plane. Moreover, the optical
axis orientation in the xyplane, as specified by the angle "
it forms with the x axis, is assumed to be given by the
following equation:

"!r; ’" # q’$ "0; (1)

where q and "0 are constants. Equation (1) implies the
presence of a defect in the medium localized at the plane
origin, r # 0, similar to the typical defects spontaneously
formed by nematic liquid crystals [19]. However, if q is an
integer or a semi-integer, there will be no discontinuity line
in the slab. In the following, we will refer to inhomoge-
neous birefringent elements having the above specified
geometry as q plates. A few examples of q-plate geome-
tries for different values of q and "0 are shown in Fig. 2.

To analyze the effect of a q plate on the optical field, it is
convenient to adopt a Jones formalism. The Jones matrix
M to be applied on the field at each point of the q-plate
transverse plane xy is the following:

M # R!%"" & 1 0
0 %1

! "
&R!""

# cos2" sin2"

sin2" % cos2"

 !
; (2)

where R!"" is the standard 2' 2 rotation matrix by angle

" (in the xyplane), and it is understood that " depends on
the point !r; ’" in the transverse plane according to Eq. (1).

A left-circular polarized plane wave, described by the
Jones electric-field vector Ein # E0 ' (1; i), after passing
through the q plate, will be transformed into the following
outgoing wave (up to an unimportant overall phase shift):

E out # M &Ein # E0ei2"
1
%i

# $
# E0ei2q’ei2"0

1
%i

# $
:

(3)

The wave emerging from the q plate is therefore uniformly
right-circular polarized, as would occur for a normal half-
wave plate, but it has also acquired a phase factor
exp!im’", with m # 2q; i.e., it has been transformed into
a helical wave with orbital helicity 2q and orbital angular
momentum 2q@ per photon. It is easy to verify that, in the
case of a right-circular input wave, the orbital helicity and
angular momentum of the outgoing wave are sign-inverted.
In other words, the input polarization of the light controls
the sign of the orbital helicity of the output wave front. Its
magnitude jmj is instead fixed by the birefringence axis
geometry.

In passing through the plate, each photon being con-
verted from left-circular to right-circular changes its spin
z-component angular momentum from $@ to %@. In the
case of a q plate having q # 1, the orbital z-component
angular momentum of each photon changes instead from
zero to 2@. Therefore, the total variation of the angular
momentum of light is nil, and there is no net transfer of
angular momentum to the plate: The plate in this case acts
only as a ‘‘coupler’’ of the two forms of optical angular
momentum, allowing their conversion into each other. This
exact compensation of the spin and orbital angular mo-
mentum exchanges with matter is clearly related to the
circular symmetry (rotation invariance) of the q # 1 plate,
as can be proved by general energy arguments or by a
variational approach to the optical angular momentum
fluxes [2]. If q ! 1, the plate is not symmetric and will
exchange an angular momentum of * 2@!q% 1" with each
photon, with a sign depending on the input polarization.
Therefore, in this general case, the angular momentum will
not be just converted from spin to orbital, but the spin
degree of freedom will still control the ‘‘direction’’ of the
angular momentum exchange with the plate, besides the
sign of the output wave-front helicity.

To demonstrate these optical phenomena, we built a q
plate with q # 1 using nematic liquid crystal (LC) as the
birefringent material. The LC was sandwiched between
two plane glasses, thus forming a planar cell. The LC
cell thickness (about 1 #m) and material (E63 from
Merck, Darmstadt, Germany) were chosen so as to obtain
a birefringence retardation of approximately a half-wave,
at the working wavelength $ # 633 nm. Before assembly,
the inner surfaces of the two glasses were coated with a
polyimide for planar alignment, and one of them was

(a) (b) (c)

FIG. 2 (color online). Examples of q plates. The tangent to the
lines shown indicates the local direction of the optical axis.
(a) q # 1=2 and "0 # 0 (a nonzero "0 is here just equivalent
to an overall rigid rotation), which generates helical modes with
m # * 1; (b) q # 1 with "0 # 0 and (c) with "0 # !=2, which
can both be used to generate modes with m # * 2. The last two
cases correspond to rotationally symmetric plates, giving rise to
perfect spin-to-orbital angular momentum conversion, with no
angular momentum transfer to the plate.
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briefly pressed against a piece of fabric kept in continuous
rotation. This procedure led to a surface easy axis (i.e., the
preferred orientation of LC molecules) having the desired
q ! 1 circular-symmetric geometry, as that shown in
Fig. 2(c).

In order to measure the wave-front shape of the light
emerging from the q plate, we set up a Mach-Zender
interferometer. A He-Ne laser beam with a TEM00

Gaussian profile was split in two beams, namely, signal
and reference. The signal beam was first circularly polar-
ized with the desired handedness by means of a properly
oriented quarter-wave plate and then was sent through the
LC q plate. The beam emerging from the q plate was then
sent through another quarter-wave plate and a linear polar-
izer, arranged for transmitting the polarization handedness
opposite to the initial one, so as to eliminate the residual
unchanged circular polarization (this step is not necessary
when using a q plate having exactly half-wave retardation).
Finally, the signal beam was superimposed with the refer-
ence and, thus, generated an interference pattern directly
on the sensing area of a CCD camera. We used two differ-
ent interference geometries. In the first, the reference beam
wave front was kept approximately plane (more precisely,
it had the same wave-front curvature as the signal beam),
but the two beams were slightly tilted with respect to each
other. For nonhelical waves, this geometry gives rise to a
regular pattern of parallel straight fringes. If the wave front
of the signal beam is helical, the pattern develops a dis-
location (double, in this case, since q ! 1 yields m ! "2),
with an orientation depending on the sign of m and the
relative orientation of the two beams. In the second ge-
ometry, the reference beam wave front was approximately
spherical, as obtained by inserting a lens in the reference
arm. For nonhelical waves, the resulting interference pat-
tern is made of concentric circular fringes. If the wave front
of the signal beam is helical, the pattern takes instead the
form of a spiral (a double spiral, for m ! "2), with a
handedness depending on the sign of m (counterclockwise
outgoing spirals, seen against the propagation direction as
in our case, correspond to a positive m). Figure 3 shows the
CCD-acquired images of the interference patterns we ob-
tained in the two geometries, respectively, for a left-
circular [Figs. 3(a) and 3(c)] and right-circular [Figs. 3(b)
and 3(d)] input polarizations. These results show unambig-
uously that the wave front of the light emerging from the q
plate is indeed helical with m ! "2 [i.e., as shown in
Figs. 1(c) and 1(d)], as predicted, and that it carries an
orbital angular momentum just opposite to the variation of
spin angular momentum associated with the polarization
occurring in the plate.

It must be emphasized that all commonly used methods
for generating helical modes of light (cylindrical lenses
[3,15], spiral plates [16], and holographic elements [8]) are
associated exclusively with an exchange of orbital angular
momentum of light with matter (indeed, they all involve

inhomogeneous isotropic media) and do not involve the
wave polarization at all. In all these methods, the chirality
of the medium structure is imprinted on the generated wave
front, whose orbital helicity is therefore fixed (although
holographic spatial light modulators allow a slow dynami-
cal control of the generated helicity, by modifying the
medium spatial structure). In contrast, in the angular mo-
mentum conversion process described here, the chirality of
the generated wave front is determined by the input polar-
ization handedness and can, therefore, be easily controlled
dynamically.

The generation of electromagnetic helical waves based
on spatially nonuniform polarization transformations was
previously reported by Biener et al., who used subwave-
length diffraction gratings as birefringent elements and
therefore were limited to the midinfrared spectral domain
[20,21]. However, Biener et al. did not discuss the conver-
sion of optical angular momentum involved in the process.
Moreover, the interference geometry adopted by Biener
et al. did not allow distinguishing between right- and left-
handed helical wave fronts and, therefore, did not allow
measuring the sign of the associated orbital angular mo-
mentum. For this reason, the results reported here provide
to our knowledge the first actual demonstration of the all-
optical spin-to-orbital angular momentum conversion pro-
cess, as well as the first demonstration of the sign inversion

FIG. 3. Interference patterns of the helical modes emerging
from the LC cell (signal beam) after superposition with the
reference beam. Upper [(a),(b)] panels refer to the plane-wave
reference geometry, lower [(c),(d)] panels to the spherical-wave
reference one. Panels on the left [(a),(c)] are for a left-circular
input polarization and those on the right [(b),(d)] for a right-
circular one.
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mentum from the spin form to the orbital form takes place,
with matter playing only an intermediate role. We note that
this is a rather counterintuitive process, in which the input
polarization of light controls the shape of the output wave
front.

To illustrate these effects, let us consider the specific
case of a planar slab of a uniaxial birefringent medium,
having an homogeneous birefringent phase retardation of
! (half-wave) across the slab and an inhomogeneous ori-
entation of the fast (or slow) optical axis lying parallel to
the slab planes. We assume that the light beam impinges on
the slab at normal incidence, so that the slab planes are
parallel to the xy coordinate plane. Moreover, the optical
axis orientation in the xyplane, as specified by the angle "
it forms with the x axis, is assumed to be given by the
following equation:

"!r; ’" # q’$ "0; (1)

where q and "0 are constants. Equation (1) implies the
presence of a defect in the medium localized at the plane
origin, r # 0, similar to the typical defects spontaneously
formed by nematic liquid crystals [19]. However, if q is an
integer or a semi-integer, there will be no discontinuity line
in the slab. In the following, we will refer to inhomoge-
neous birefringent elements having the above specified
geometry as q plates. A few examples of q-plate geome-
tries for different values of q and "0 are shown in Fig. 2.

To analyze the effect of a q plate on the optical field, it is
convenient to adopt a Jones formalism. The Jones matrix
M to be applied on the field at each point of the q-plate
transverse plane xy is the following:

M # R!%"" & 1 0
0 %1

! "
&R!""

# cos2" sin2"

sin2" % cos2"

 !
; (2)

where R!"" is the standard 2' 2 rotation matrix by angle

" (in the xyplane), and it is understood that " depends on
the point !r; ’" in the transverse plane according to Eq. (1).

A left-circular polarized plane wave, described by the
Jones electric-field vector Ein # E0 ' (1; i), after passing
through the q plate, will be transformed into the following
outgoing wave (up to an unimportant overall phase shift):

E out # M &Ein # E0ei2"
1
%i

# $
# E0ei2q’ei2"0

1
%i

# $
:

(3)

The wave emerging from the q plate is therefore uniformly
right-circular polarized, as would occur for a normal half-
wave plate, but it has also acquired a phase factor
exp!im’", with m # 2q; i.e., it has been transformed into
a helical wave with orbital helicity 2q and orbital angular
momentum 2q@ per photon. It is easy to verify that, in the
case of a right-circular input wave, the orbital helicity and
angular momentum of the outgoing wave are sign-inverted.
In other words, the input polarization of the light controls
the sign of the orbital helicity of the output wave front. Its
magnitude jmj is instead fixed by the birefringence axis
geometry.

In passing through the plate, each photon being con-
verted from left-circular to right-circular changes its spin
z-component angular momentum from $@ to %@. In the
case of a q plate having q # 1, the orbital z-component
angular momentum of each photon changes instead from
zero to 2@. Therefore, the total variation of the angular
momentum of light is nil, and there is no net transfer of
angular momentum to the plate: The plate in this case acts
only as a ‘‘coupler’’ of the two forms of optical angular
momentum, allowing their conversion into each other. This
exact compensation of the spin and orbital angular mo-
mentum exchanges with matter is clearly related to the
circular symmetry (rotation invariance) of the q # 1 plate,
as can be proved by general energy arguments or by a
variational approach to the optical angular momentum
fluxes [2]. If q ! 1, the plate is not symmetric and will
exchange an angular momentum of * 2@!q% 1" with each
photon, with a sign depending on the input polarization.
Therefore, in this general case, the angular momentum will
not be just converted from spin to orbital, but the spin
degree of freedom will still control the ‘‘direction’’ of the
angular momentum exchange with the plate, besides the
sign of the output wave-front helicity.

To demonstrate these optical phenomena, we built a q
plate with q # 1 using nematic liquid crystal (LC) as the
birefringent material. The LC was sandwiched between
two plane glasses, thus forming a planar cell. The LC
cell thickness (about 1 #m) and material (E63 from
Merck, Darmstadt, Germany) were chosen so as to obtain
a birefringence retardation of approximately a half-wave,
at the working wavelength $ # 633 nm. Before assembly,
the inner surfaces of the two glasses were coated with a
polyimide for planar alignment, and one of them was

(a) (b) (c)

FIG. 2 (color online). Examples of q plates. The tangent to the
lines shown indicates the local direction of the optical axis.
(a) q # 1=2 and "0 # 0 (a nonzero "0 is here just equivalent
to an overall rigid rotation), which generates helical modes with
m # * 1; (b) q # 1 with "0 # 0 and (c) with "0 # !=2, which
can both be used to generate modes with m # * 2. The last two
cases correspond to rotationally symmetric plates, giving rise to
perfect spin-to-orbital angular momentum conversion, with no
angular momentum transfer to the plate.
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mentum from the spin form to the orbital form takes place,
with matter playing only an intermediate role. We note that
this is a rather counterintuitive process, in which the input
polarization of light controls the shape of the output wave
front.

To illustrate these effects, let us consider the specific
case of a planar slab of a uniaxial birefringent medium,
having an homogeneous birefringent phase retardation of
! (half-wave) across the slab and an inhomogeneous ori-
entation of the fast (or slow) optical axis lying parallel to
the slab planes. We assume that the light beam impinges on
the slab at normal incidence, so that the slab planes are
parallel to the xy coordinate plane. Moreover, the optical
axis orientation in the xyplane, as specified by the angle "
it forms with the x axis, is assumed to be given by the
following equation:

"!r; ’" # q’$ "0; (1)

where q and "0 are constants. Equation (1) implies the
presence of a defect in the medium localized at the plane
origin, r # 0, similar to the typical defects spontaneously
formed by nematic liquid crystals [19]. However, if q is an
integer or a semi-integer, there will be no discontinuity line
in the slab. In the following, we will refer to inhomoge-
neous birefringent elements having the above specified
geometry as q plates. A few examples of q-plate geome-
tries for different values of q and "0 are shown in Fig. 2.

To analyze the effect of a q plate on the optical field, it is
convenient to adopt a Jones formalism. The Jones matrix
M to be applied on the field at each point of the q-plate
transverse plane xy is the following:

M # R!%"" & 1 0
0 %1

! "
&R!""

# cos2" sin2"

sin2" % cos2"

 !
; (2)

where R!"" is the standard 2' 2 rotation matrix by angle

" (in the xyplane), and it is understood that " depends on
the point !r; ’" in the transverse plane according to Eq. (1).

A left-circular polarized plane wave, described by the
Jones electric-field vector Ein # E0 ' (1; i), after passing
through the q plate, will be transformed into the following
outgoing wave (up to an unimportant overall phase shift):

E out # M &Ein # E0ei2"
1
%i

# $
# E0ei2q’ei2"0

1
%i

# $
:

(3)

The wave emerging from the q plate is therefore uniformly
right-circular polarized, as would occur for a normal half-
wave plate, but it has also acquired a phase factor
exp!im’", with m # 2q; i.e., it has been transformed into
a helical wave with orbital helicity 2q and orbital angular
momentum 2q@ per photon. It is easy to verify that, in the
case of a right-circular input wave, the orbital helicity and
angular momentum of the outgoing wave are sign-inverted.
In other words, the input polarization of the light controls
the sign of the orbital helicity of the output wave front. Its
magnitude jmj is instead fixed by the birefringence axis
geometry.

In passing through the plate, each photon being con-
verted from left-circular to right-circular changes its spin
z-component angular momentum from $@ to %@. In the
case of a q plate having q # 1, the orbital z-component
angular momentum of each photon changes instead from
zero to 2@. Therefore, the total variation of the angular
momentum of light is nil, and there is no net transfer of
angular momentum to the plate: The plate in this case acts
only as a ‘‘coupler’’ of the two forms of optical angular
momentum, allowing their conversion into each other. This
exact compensation of the spin and orbital angular mo-
mentum exchanges with matter is clearly related to the
circular symmetry (rotation invariance) of the q # 1 plate,
as can be proved by general energy arguments or by a
variational approach to the optical angular momentum
fluxes [2]. If q ! 1, the plate is not symmetric and will
exchange an angular momentum of * 2@!q% 1" with each
photon, with a sign depending on the input polarization.
Therefore, in this general case, the angular momentum will
not be just converted from spin to orbital, but the spin
degree of freedom will still control the ‘‘direction’’ of the
angular momentum exchange with the plate, besides the
sign of the output wave-front helicity.

To demonstrate these optical phenomena, we built a q
plate with q # 1 using nematic liquid crystal (LC) as the
birefringent material. The LC was sandwiched between
two plane glasses, thus forming a planar cell. The LC
cell thickness (about 1 #m) and material (E63 from
Merck, Darmstadt, Germany) were chosen so as to obtain
a birefringence retardation of approximately a half-wave,
at the working wavelength $ # 633 nm. Before assembly,
the inner surfaces of the two glasses were coated with a
polyimide for planar alignment, and one of them was

(a) (b) (c)

FIG. 2 (color online). Examples of q plates. The tangent to the
lines shown indicates the local direction of the optical axis.
(a) q # 1=2 and "0 # 0 (a nonzero "0 is here just equivalent
to an overall rigid rotation), which generates helical modes with
m # * 1; (b) q # 1 with "0 # 0 and (c) with "0 # !=2, which
can both be used to generate modes with m # * 2. The last two
cases correspond to rotationally symmetric plates, giving rise to
perfect spin-to-orbital angular momentum conversion, with no
angular momentum transfer to the plate.
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laser manipulation. The cout! -polarized images of the twin
droplets were obtained under spectrally filtered (at 532 nm)
cin!-polarized incident white light condenser illumination,
where the units vectors c! ¼ ðx! iyÞ=

ffiffiffi
2

p
refer to the cir-

cular polarization basis. Therefore, the droplets pair, which
behave as twin sources with the same polarization state,
give rise to intensity fringes, as shown in Fig. 2. Straight
fringes are obtained when the output polarization state is
parallel to the input one, cin% cout ¼ 1, see Fig. 2(a),
whereas curved fringes are evidenced when cin% cout ¼
0, as shown in Figs. 2(b) and 2(c). This, respectively,
manifests an azimuthally invariant wave front profile
[Fig. 2(a)] and a spin-dependent azimuthally varying phase
[Figs. 2(b) and 2(c)]. In the latter case, the intensity pattern
locally resembles the tilted Young patterns observed in
double-slit interferences using optical vortices [23], as
shown in the insets of Fig. 2 that display the corresponding
table-top double-slit experiments.

It is known that the coherent superposition of two or-
thogonally polarized light fields produces a total field with
space varying polarization. Moreover, the polarization of a
beam at any point is determined by the phase difference
between the c! components. Assuming the incident polar-
ization to be cinþ , the absolute azimuthal phase structure of

the cout' -polarized output field, !ð!Þ, is therefore quantita-
tively retrieved from a spatially resolved polarimetric
analysis of the output beam [24]. For this purpose, we
evaluated the four Stokes parameters S0 ¼ jExj2 þ jEyj2,
S1 ¼ jExj2 ' jEyj2, S2 ¼ 2ReðE(

xEyÞ and S3 ¼
2 ImðE(

xEyÞ of the output beam. Their reduced values si ¼
Si=S0 (i ¼ 1, 2, 3), which all range between ' 1 and 1, are
shown in Figs. 3(a)–3(c), respectively. By construction,
!ð!Þ is equal to twice the azimuthal angle of the polariza-
tion ellipse of the total output field, c ¼ ð1=2Þ )
arctanðs2=s1Þ, hence ! ¼ 2c . The results are shown in
Fig. 4(a) (see markers), which exhibits a uniformly spira-
ling phase that accumulates a 4" phase over a full turn
irrespective of the distance from the center of the droplet.
Hence, we conclude to the generation of a phase singular-
ity with a topological charge ‘ ¼ 2. To understand the
observation of a charge two vortex, one notes that the
freely suspended optically trapped droplet is at rest, hence
the total light angular momentum (spin þ orbital) is con-
served. Consequently, the spin angular momentum flipping
is associated to the appearance of a 2@ orbital angular
momentum per photon.
The same system can be used to generate polychromatic

vortices by using white light. Panel 1 in Fig. 4(b), shows
the characteristic polychromatic doughnut intensity pro-
file. The reddish (blueish) outer (inner) part of the white
light doughnut indicates a wavelength-dependent angular
momentum conversion process, which merely results from
material dispersion [25]. This is emphasized in panels 2, 3,
and 4 of Fig. 4(b) where the red, green, and blue compo-
nents of the vortex exhibit a broader angular spreading at
larger wavelengths [26].
The trapping beam itself can be used for in situ and on-

demand vortex generation. A unique feature of the pro-
posed technique is that the beam traps the droplets on-axis,
and preserves their radial symmetry. Therefore this system
enables the generation of on-axis optical vortices without
need for the sensitive optical alignment associated with
other techniques. For the purpose of demonstration, we
trapped droplets with various diameters using beams with
various intensities. We then measured the power in each of
the circular components of the output beam, and calculated
the normalized powers P!=P0, where P! refers to the
output circularly polarized components that are parallel

FIG. 2. Twin droplets interferences. Insets: table-top double-
slit Young experiment using a Gaussian beam (a) and a charge
two optical vortex [(b) and (c)]. Scale bar is 5 #m.

FIG. 3 (color online). Experimental spatially resolved Stokes
polarimetry analysis of a single tweezed radial droplet with
diameter ’ 7 #m for quasimonochromatic condenser illumina-
tion. (a) s1, (b) s2, (c) s3.

FIG. 1 (color online). Optical vortex generation from a radial
nematic liquid crystal droplet. An incident light with circular
polarization c! having a smooth wave front profile (‘ ¼ 0) is
partly converted into the orthogonal polarization state c* that
bears a phase singularity (‘ ! 0). Insets: (a) crossed polarizers
image identifying a cylindrically symmetric director distribution
and (b) radial structure of the director.
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the opposite case, !a ,b"= !0,1", the solution is given
for Eqs. (1) and (2) with E+↔E− and u↔v. The gen-
eral solution is obtained by the linear superposition
with amplitudes #a#2+ #b#2=1.

To elucidate the coupling between the SAM and
OAM for Gaussian beams we note that uniaxial crys-
tals have usually weak birefringence, no−ne
$10−1–10−3, so that the anisotropy and its conse-
quence, the spin-orbit coupling, can be considered as
a perturbation. Introducing the average refractive in-
dex n= !no+ne" /2 and the small parameter != !no
−ne" /n"1 we obtain #o=#!1+! /2" and #e$#!1
−3! /2", where #=kn /2, and we keep only the terms
of the leading order in !. Applying such a procedure
to Eqs. (1) and (2) we derive the following represen-
tation of the general solution, !E+,E−"T$M̂!a ,b"TG,
where G=−!i#w2 /Z"exp!i#r2 /Z" with Z=z− iz0, z0
=#w2, and the transformation matrix

M̂ = % C Se−2i$

Se2i$ C & = C!̂0 + ST̂, !3"

T̂ = !̂x cos!2$" + !̂y sin!2$", !4"

where !̂0 is identity matrix and !̂x,y are Pauli spinor
matrices, C=cos % and S=−i sin % with %=!#r2z /Z2.
Solution in this form is valid everywhere in the crys-
tal if the anisotropy is small, !"1.

The matrix representation given by Eqs. (3) and (4)
allows one to explore the dynamics of polarization
conversion in clear details. Because matrix !̂0 does
not change initial polarization state, the first term
C!̂0 describes the loss of power of the input beam. In
contrast, the second term in Eq. (3), ST̂, shows the
power gain experienced by the circularly polarized
component that is orthogonal to the initial one and
the appearance of OAM compensating the loss of
SAM. More precisely, the matrix T̂ changes the hand-
edness of circular polarization and describes the ap-
pearance of a vortex with a double topological charge,
#l#=2, with the sign opposite to the SAM.

Experimentally accessible quantities to retrieve
the optical spin-to-orbital conversion are the
reduced powers of two components, P±/P0
= !2/&w2"''#E±#2dxdy, where P0 is the input power.
These quantities are plotted in Fig. 1(a) in the case
!a ,b"= !1,0" and two different beam waists. Theoret-
ical curves are obtained [9,10] by using Eqs. (1) and
(2), P±/P0= 1

2 (1± !1+z2 /L2"−1) , with L=2#e#ow2 / !#o
−#e"$z0 /!. The angular momenta normalized to the
total angular momentum are shown in Fig. 1(b); they
are defined as follows: SAM±= ±P±/P0 and OAM±
=l±P±/P0 with l+=0 and l−=2.

In our experiments we used uniaxial calcite crystal
samples that are cut perpendicularly to the optical
axis into 10 mm' 10 mm' z mm slabs for z
=1. . .14 mm with steps of 1 mm. Linearly polarized
light from a He–Ne laser operating at wavelength (
=633 nm (no=1.656 and ne=1.458) is converted into
circular polarization using a quarter-wave plate. The
beam is then focused by a lens !f=25 mm" onto the

sample whose optical axis coincides with the direc-
tion of propagation. The output beam is collimated by
a second lens !f=100 mm" and passes through a sec-
ond quarter-wave plate and a polarizing beamsplit-
ter, which allows us to separate its orthogonally po-
larized double-charge optical vortex and fundamental
Gaussian components.

The intensity distributions of the c+ !l=0" and c−

!l=2" circularly polarized components of a monochro-
matic beam are shown in Fig. 2 for various propaga-
tion distances z. Both circular components exhibit
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Fig. 1. (Color online) Transfer of normalized (a) powers
and (b) angular momenta between c+ (red, green, plus) and
c− (black, blue, minus) circularly polarized components.
Curves, theory; markers, experiment. The beam waist w
=4.59 )m (squares, dashed curves) and w=11.02 )m
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Fig. 2. (Color online) Experimentally measured intensity
profiles for two components #E±#2 of the laser beam with (
=633 nm and w=4.59 )m. The thin (red) curves in the bot-
tom diagrams were calculated using Eqs. (1) and (2), and
the thick (black) curves are obtained by averaging the ex-
perimental ring profiles over azimuth.
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the opposite case, !a ,b"= !0,1", the solution is given
for Eqs. (1) and (2) with E+↔E− and u↔v. The gen-
eral solution is obtained by the linear superposition
with amplitudes #a#2+ #b#2=1.

To elucidate the coupling between the SAM and
OAM for Gaussian beams we note that uniaxial crys-
tals have usually weak birefringence, no−ne
$10−1–10−3, so that the anisotropy and its conse-
quence, the spin-orbit coupling, can be considered as
a perturbation. Introducing the average refractive in-
dex n= !no+ne" /2 and the small parameter != !no
−ne" /n"1 we obtain #o=#!1+! /2" and #e$#!1
−3! /2", where #=kn /2, and we keep only the terms
of the leading order in !. Applying such a procedure
to Eqs. (1) and (2) we derive the following represen-
tation of the general solution, !E+,E−"T$M̂!a ,b"TG,
where G=−!i#w2 /Z"exp!i#r2 /Z" with Z=z− iz0, z0
=#w2, and the transformation matrix

M̂ = % C Se−2i$

Se2i$ C & = C!̂0 + ST̂, !3"

T̂ = !̂x cos!2$" + !̂y sin!2$", !4"

where !̂0 is identity matrix and !̂x,y are Pauli spinor
matrices, C=cos % and S=−i sin % with %=!#r2z /Z2.
Solution in this form is valid everywhere in the crys-
tal if the anisotropy is small, !"1.

The matrix representation given by Eqs. (3) and (4)
allows one to explore the dynamics of polarization
conversion in clear details. Because matrix !̂0 does
not change initial polarization state, the first term
C!̂0 describes the loss of power of the input beam. In
contrast, the second term in Eq. (3), ST̂, shows the
power gain experienced by the circularly polarized
component that is orthogonal to the initial one and
the appearance of OAM compensating the loss of
SAM. More precisely, the matrix T̂ changes the hand-
edness of circular polarization and describes the ap-
pearance of a vortex with a double topological charge,
#l#=2, with the sign opposite to the SAM.

Experimentally accessible quantities to retrieve
the optical spin-to-orbital conversion are the
reduced powers of two components, P±/P0
= !2/&w2"''#E±#2dxdy, where P0 is the input power.
These quantities are plotted in Fig. 1(a) in the case
!a ,b"= !1,0" and two different beam waists. Theoret-
ical curves are obtained [9,10] by using Eqs. (1) and
(2), P±/P0= 1

2 (1± !1+z2 /L2"−1) , with L=2#e#ow2 / !#o
−#e"$z0 /!. The angular momenta normalized to the
total angular momentum are shown in Fig. 1(b); they
are defined as follows: SAM±= ±P±/P0 and OAM±
=l±P±/P0 with l+=0 and l−=2.

In our experiments we used uniaxial calcite crystal
samples that are cut perpendicularly to the optical
axis into 10 mm' 10 mm' z mm slabs for z
=1. . .14 mm with steps of 1 mm. Linearly polarized
light from a He–Ne laser operating at wavelength (
=633 nm (no=1.656 and ne=1.458) is converted into
circular polarization using a quarter-wave plate. The
beam is then focused by a lens !f=25 mm" onto the

sample whose optical axis coincides with the direc-
tion of propagation. The output beam is collimated by
a second lens !f=100 mm" and passes through a sec-
ond quarter-wave plate and a polarizing beamsplit-
ter, which allows us to separate its orthogonally po-
larized double-charge optical vortex and fundamental
Gaussian components.

The intensity distributions of the c+ !l=0" and c−

!l=2" circularly polarized components of a monochro-
matic beam are shown in Fig. 2 for various propaga-
tion distances z. Both circular components exhibit
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the thick (black) curves are obtained by averaging the ex-
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laser manipulation. The cout! -polarized images of the twin
droplets were obtained under spectrally filtered (at 532 nm)
cin!-polarized incident white light condenser illumination,
where the units vectors c! ¼ ðx! iyÞ=

ffiffiffi
2

p
refer to the cir-

cular polarization basis. Therefore, the droplets pair, which
behave as twin sources with the same polarization state,
give rise to intensity fringes, as shown in Fig. 2. Straight
fringes are obtained when the output polarization state is
parallel to the input one, cin% cout ¼ 1, see Fig. 2(a),
whereas curved fringes are evidenced when cin% cout ¼
0, as shown in Figs. 2(b) and 2(c). This, respectively,
manifests an azimuthally invariant wave front profile
[Fig. 2(a)] and a spin-dependent azimuthally varying phase
[Figs. 2(b) and 2(c)]. In the latter case, the intensity pattern
locally resembles the tilted Young patterns observed in
double-slit interferences using optical vortices [23], as
shown in the insets of Fig. 2 that display the corresponding
table-top double-slit experiments.

It is known that the coherent superposition of two or-
thogonally polarized light fields produces a total field with
space varying polarization. Moreover, the polarization of a
beam at any point is determined by the phase difference
between the c! components. Assuming the incident polar-
ization to be cinþ , the absolute azimuthal phase structure of

the cout' -polarized output field, !ð!Þ, is therefore quantita-
tively retrieved from a spatially resolved polarimetric
analysis of the output beam [24]. For this purpose, we
evaluated the four Stokes parameters S0 ¼ jExj2 þ jEyj2,
S1 ¼ jExj2 ' jEyj2, S2 ¼ 2ReðE(

xEyÞ and S3 ¼
2 ImðE(

xEyÞ of the output beam. Their reduced values si ¼
Si=S0 (i ¼ 1, 2, 3), which all range between ' 1 and 1, are
shown in Figs. 3(a)–3(c), respectively. By construction,
!ð!Þ is equal to twice the azimuthal angle of the polariza-
tion ellipse of the total output field, c ¼ ð1=2Þ )
arctanðs2=s1Þ, hence ! ¼ 2c . The results are shown in
Fig. 4(a) (see markers), which exhibits a uniformly spira-
ling phase that accumulates a 4" phase over a full turn
irrespective of the distance from the center of the droplet.
Hence, we conclude to the generation of a phase singular-
ity with a topological charge ‘ ¼ 2. To understand the
observation of a charge two vortex, one notes that the
freely suspended optically trapped droplet is at rest, hence
the total light angular momentum (spin þ orbital) is con-
served. Consequently, the spin angular momentum flipping
is associated to the appearance of a 2@ orbital angular
momentum per photon.
The same system can be used to generate polychromatic

vortices by using white light. Panel 1 in Fig. 4(b), shows
the characteristic polychromatic doughnut intensity pro-
file. The reddish (blueish) outer (inner) part of the white
light doughnut indicates a wavelength-dependent angular
momentum conversion process, which merely results from
material dispersion [25]. This is emphasized in panels 2, 3,
and 4 of Fig. 4(b) where the red, green, and blue compo-
nents of the vortex exhibit a broader angular spreading at
larger wavelengths [26].
The trapping beam itself can be used for in situ and on-

demand vortex generation. A unique feature of the pro-
posed technique is that the beam traps the droplets on-axis,
and preserves their radial symmetry. Therefore this system
enables the generation of on-axis optical vortices without
need for the sensitive optical alignment associated with
other techniques. For the purpose of demonstration, we
trapped droplets with various diameters using beams with
various intensities. We then measured the power in each of
the circular components of the output beam, and calculated
the normalized powers P!=P0, where P! refers to the
output circularly polarized components that are parallel

FIG. 2. Twin droplets interferences. Insets: table-top double-
slit Young experiment using a Gaussian beam (a) and a charge
two optical vortex [(b) and (c)]. Scale bar is 5 #m.

FIG. 3 (color online). Experimental spatially resolved Stokes
polarimetry analysis of a single tweezed radial droplet with
diameter ’ 7 #m for quasimonochromatic condenser illumina-
tion. (a) s1, (b) s2, (c) s3.

FIG. 1 (color online). Optical vortex generation from a radial
nematic liquid crystal droplet. An incident light with circular
polarization c! having a smooth wave front profile (‘ ¼ 0) is
partly converted into the orthogonal polarization state c* that
bears a phase singularity (‘ ! 0). Insets: (a) crossed polarizers
image identifying a cylindrically symmetric director distribution
and (b) radial structure of the director.
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Optical Spin Hall Effects in Plasmonic Chains
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The spin Hall effect is a basic phenomenon arising from the
spin!orbit coupling of electrons.1 In particular, the spatial

trajectory of the moving electrons is affected by their intrinsic
angular momentum. More generally, the dispersion relation of
the particles is modified in a spin-dependent manner.2 The spin
Hall effect is regarded as intrinsic when it arises due to Rashba
coupling (Berry curvature),3 while the extrinsic effect occurs due
to the spin!orbit-dependent scattering of electrons from
impurities.4 The optical spin Hall effect (OSHE)—beam dis-
placement and momentum shift due to the optical spin
(polarization helicity)—was recently presented.5!9 The effect
was attributed to the optical spin!orbit interaction occurring
when the light passes through an anisotropic and inhomoge-
neous medium. Here, we present and experimentally observe the
optical spin Hall effects in coupled localized plasmonic chains.
The locally isotropic optical spin Hall effect (OSHE-LI) is
regarded as the interaction between the optical spin and the
path ξ of the plasmonic chain with an isotropic unit cell
(Figure 1a). In contrast, the locally anisotropic optical spin Hall
effect (OSHE-LA) occurs due to the interaction between the
optical spin and the local anisotropy of the unit cell, which is
independent of the chain path (Figure 1b). This latter mechan-
ism expands the scope of the OSHE and provides an additional
degree of freedom in spin-based optics.

Localized surface plasmons are nonpropagating excitations of
the conduction electrons of metallic nanostructures coupled to
the electromagnetic field. The localized plasmonic modes were
found to play a key role in extraordinary light concentration
by metallic nanofeatures.10 A localized field can be formed by
a nanoscale structure characterized by an omnidirectional
reemission. By introducing a coupled nanostructure chain, the
individual localized mode can be tailored to a collective mode!
coupled localized mode of the whole chain, having a directional
reemission.11!13 Due to a low dimensionality of the chain, the
excitation of the plasmonic chain mode is polarization-depen-
dent, which leads to anisotropic scattering.

A coupled plasmonic chain was fabricated by focused ion
beam (FIB; FEI Strata 400s dual beam system, Gaþ, 30 keV,

46 pA) etching upon a thin (200 nm) Au film, deposited on a
glass substrate (Figure 2a, inset). The chain consisted of isotropic
unit cells—coaxial nanoapertures with radii of 75 and 125 nm—
arranged in a single line with a periodΛ of 470 nm. The fabricated
elementwas immersed in an index-matching oil to obtain symmetric
configuration. The coaxial shape of the aperture was chosen due to
its well-proven ability of plasmon localization.14 The transmission
spectrum of the coupled plasmonic chain was found to bear a
signature of two modes centered at the wavelengths of 700 and
780 nm corresponding to transversal and longitudinal polarization
excitations,15 respectively (Figure 2a).

In order to study the OSHE-LI, we fabricated a chain whose
local orientation with respect to the x coordinate θ = tan!1(dy/dx)
varies linearly with x, explicitly, θ(x) = πx/a where a is the
rotation period of the structure (Figure 2b). This demand leads
to a chain with a route {x(ξ),y(ξ)} given by the function ξ =
(a/2π) ln[(1 þ sin(πx/a))/(1 ! sin(πx/a))]. The local
orientation of the curved chain induces local anisotropy variation
in the scattered field. The experimental setup to study the
OSHEs is introduced in Figure 2c. Figure 2d shows themeasured
OSHE-LI observed from the chain. The structure was sand-
wiched between circular polarizers and illuminated with a con-
tinuous wave Ti:sapphire tunable laser (Spectra-Physics 3900S)
at a wavelength of 780 nm in order to excite the longitudinal
mode. The intensity distribution was measured in the far-field,
which corresponds to the momentum space. Polarization anal-
ysis shows that the scattering from the curved chain comprises
two components: ballistic and spin-flip. The ballistic component
does not experience any diffraction and maintains the polariza-
tion state of the incident beam, while the spin-flip component,
with an opposite spin state, undergoes diffraction. Spin-depen-
dent beam deflection is observed in the experiment via orthogo-
nal circular polarizers and corresponds to a momentum shift of
Δkx = !2σπ/a, where σ = (1 is the incident spin state.
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ABSTRACT: Observation of optical spin Hall effects (OSHEs) manifested by a
spin-dependent momentum redirection is presented. The effect occurring solely as
a result of the curvature of the coupled localized plasmonic chain is regarded as the
locally isotropic OSHE, while the locally anisotropic OSHE arises from the interac-
tion between the optical spin and the local anisotropy of the plasmonic mode
rotating along the chain. A wavefront phase dislocation was observed in a circular
curvature, in which the dislocation strength was enhanced by the locally anisotropic
effect.

KEYWORDS: Plasmonics, optical spin Hall effect, angular momentum, polarization

2039 dx.doi.org/10.1021/nl2004835 |Nano Lett. 2011, 11, 2038–2042

Nano Letters LETTER

The peculiarity of the observed effect lies in its geometric
nature. Light scattering by a system with spatially nonuniform
anisotropy has a close analogy with a scattering from a revolving
medium,16 as was shown recently.17 Hence, the scattering by the
bent chain ismost conveniently studied using a rotating reference
frame17,18 (u,v), which is attached to the axis of the local
anisotropy of the chain and follows the chain’s route ξ(x,y)
(Figure 1a). This is accompanied by spatial rotation of the frame
with a rateΩξ = dθ(ξ)/dξ, where θ(ξ) is the orientation angle.
As a result, a spin-dependent momentum deviation Δkξ =
!2σΩξ which corresponds to an additional phase of φ =

R
Δkξ

dξ = !2σθ, appears in the spin-flip scattered component. The
experimentally observed spin Hall momentum deviation concurs
with the expected correction ofΔkx =3xφ=!2σπ/a. This effect
is regarded as the OSHE-LI.

When the chain unit cell is anisotropic itself, the local
anisotropy is also allowed to be arbitrarily oriented along the
path. The reference frame attached to the unit cell anisotropy is
presented as the system (u0,v0) in Figure 1b. It was previously
shown that plasmonic structures consisting of nanorods exhibit a
high polarization anisotropy that follows the orientation of the
rods.19,20 An element consisting of randomly arranged but
similarly oriented rectangular apertures with dimensions of
80" 220 nm was fabricated (Figure 3a, top inset). The localized
mode resonance of this array was obtained at a wavelength of
730 nm by measuring the transmission spectrum with linear
polarization excitation parallel to its minor axis. High anisotropy
is clearly observed between the two orthogonal linear polariza-
tion excitations, which results from the local anisotropy of the
nanorod (Figure 3a). Next, we fabricated a straight chain of
subwavelength nanorods with a period of 430 nm (Figure 3a,
bottom inset) in correspondence with the momentum matching
condition and obtained a narrow resonant line shape of the
transmitted light, when the structure was excited by a linear
polarization parallel to the nanorod’s minor axis (Figure 3a). The
orientation of the nanorods was then varied linearly along the x
axis to obtain a spatial rotation rate of Ω = dθ0/dx = π/a
(Figure 3b). The far-field intensity scattered from the element
was analyzed using the same setup as before and the beam
deflection of the spin-flip component corresponding to the spin
Hall momentum deviation of Δkx = !2σΩ was detected

(Figure 3c). This beam deflection is regarded as the OSHE-LA
and it arises due to the rotation of the local unit cell’s anisotropy
rather than the chain path curvature.

Our described mechanism paves the way for one to consider
other path symmetries. According to Noether’s theorem,21 for
every symmetry there is a corresponding dynamical conservation
law.22 When the structure symmetry, or more explicitly the chain
path ξ(x,y), is circular, the corresponding conservation rule is for
the angular momentum (AM). The AM of an optical beam can

Figure 1. Coupled localized plasmonic chains. (a) A plasmonic chain
with isotropic unit cell and rotating reference frame (u,v) which follows
the path ξ. (b) An anisotropy unit cell chain with a frame (u0,v0) attached
to the local anisotropy axis of the unit cell. The lab reference frame is
indicated by (x,y).

Figure 2. (a) Transmission spectra of the plasmonic chain consisting of
coaxial nanoapertures with inner/outer radii of 75/125 nm, with period
of Λ = 470 nm and a length of 84.6 μm. The blue and red lines/arrows
correspond to transversal and longitudinal polarization excitations,
respectively. The inset shows a scanning electron microscopy (SEM)
image of the chain. (b) SEM image of a curved chain whose local
orientation θ is varied linearly along the x axis with a rotation period of a
= 9 μm, and a structure length of 135 μm. (c) Experimental setup for
OSHE measurement. A laser light beam passes through a circular
polarizer (a linear polarizer followed by a quarterwave plate (QWP))
and then is incident onto the element. The emerging light is collected by
an imaging lens to a CCD camera after polarization analysis with a
circular polarizer!analyzer. (d) The spin-dependent momentum devia-
tion for the OSHE-LI, at a wavelength of 780 nm. The red and blue lines
stand for incident right- and left-handed circularly polarized light,
respectively (σin =(1). σout denotes the spin state of the scattered light.

2039 dx.doi.org/10.1021/nl2004835 |Nano Lett. 2011, 11, 2038–2042

Nano Letters LETTER

The peculiarity of the observed effect lies in its geometric
nature. Light scattering by a system with spatially nonuniform
anisotropy has a close analogy with a scattering from a revolving
medium,16 as was shown recently.17 Hence, the scattering by the
bent chain ismost conveniently studied using a rotating reference
frame17,18 (u,v), which is attached to the axis of the local
anisotropy of the chain and follows the chain’s route ξ(x,y)
(Figure 1a). This is accompanied by spatial rotation of the frame
with a rateΩξ = dθ(ξ)/dξ, where θ(ξ) is the orientation angle.
As a result, a spin-dependent momentum deviation Δkξ =
!2σΩξ which corresponds to an additional phase of φ =

R
Δkξ

dξ = !2σθ, appears in the spin-flip scattered component. The
experimentally observed spin Hall momentum deviation concurs
with the expected correction ofΔkx =3xφ=!2σπ/a. This effect
is regarded as the OSHE-LI.

When the chain unit cell is anisotropic itself, the local
anisotropy is also allowed to be arbitrarily oriented along the
path. The reference frame attached to the unit cell anisotropy is
presented as the system (u0,v0) in Figure 1b. It was previously
shown that plasmonic structures consisting of nanorods exhibit a
high polarization anisotropy that follows the orientation of the
rods.19,20 An element consisting of randomly arranged but
similarly oriented rectangular apertures with dimensions of
80" 220 nm was fabricated (Figure 3a, top inset). The localized
mode resonance of this array was obtained at a wavelength of
730 nm by measuring the transmission spectrum with linear
polarization excitation parallel to its minor axis. High anisotropy
is clearly observed between the two orthogonal linear polariza-
tion excitations, which results from the local anisotropy of the
nanorod (Figure 3a). Next, we fabricated a straight chain of
subwavelength nanorods with a period of 430 nm (Figure 3a,
bottom inset) in correspondence with the momentum matching
condition and obtained a narrow resonant line shape of the
transmitted light, when the structure was excited by a linear
polarization parallel to the nanorod’s minor axis (Figure 3a). The
orientation of the nanorods was then varied linearly along the x
axis to obtain a spatial rotation rate of Ω = dθ0/dx = π/a
(Figure 3b). The far-field intensity scattered from the element
was analyzed using the same setup as before and the beam
deflection of the spin-flip component corresponding to the spin
Hall momentum deviation of Δkx = !2σΩ was detected

(Figure 3c). This beam deflection is regarded as the OSHE-LA
and it arises due to the rotation of the local unit cell’s anisotropy
rather than the chain path curvature.

Our described mechanism paves the way for one to consider
other path symmetries. According to Noether’s theorem,21 for
every symmetry there is a corresponding dynamical conservation
law.22 When the structure symmetry, or more explicitly the chain
path ξ(x,y), is circular, the corresponding conservation rule is for
the angular momentum (AM). The AM of an optical beam can

Figure 1. Coupled localized plasmonic chains. (a) A plasmonic chain
with isotropic unit cell and rotating reference frame (u,v) which follows
the path ξ. (b) An anisotropy unit cell chain with a frame (u0,v0) attached
to the local anisotropy axis of the unit cell. The lab reference frame is
indicated by (x,y).

Figure 2. (a) Transmission spectra of the plasmonic chain consisting of
coaxial nanoapertures with inner/outer radii of 75/125 nm, with period
of Λ = 470 nm and a length of 84.6 μm. The blue and red lines/arrows
correspond to transversal and longitudinal polarization excitations,
respectively. The inset shows a scanning electron microscopy (SEM)
image of the chain. (b) SEM image of a curved chain whose local
orientation θ is varied linearly along the x axis with a rotation period of a
= 9 μm, and a structure length of 135 μm. (c) Experimental setup for
OSHE measurement. A laser light beam passes through a circular
polarizer (a linear polarizer followed by a quarterwave plate (QWP))
and then is incident onto the element. The emerging light is collected by
an imaging lens to a CCD camera after polarization analysis with a
circular polarizer!analyzer. (d) The spin-dependent momentum devia-
tion for the OSHE-LI, at a wavelength of 780 nm. The red and blue lines
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have two components: an intrinsic component that is associated
with the handedness of the optical spin, and an extrinsic (orbital)
component that is associated with its spatial structure. In an
optical paraxial beam with a spiral phase distribution (φ = !lj,
where j is the azimuthal angle in polar coordinates and the
integer number l is the topological charge), the total AM per
photon, in units of p (normalized AM), was shown to be j =
σþ l.23We fabricated circular chains with a path parameter ξ= roj
(ro is the chain radius) of coaxial apertures and rotating nanorods
with a rotation rateΩ =m/ro, so the local anisotropy orientation
is θ0 = mj (m is an integer). The far-field intensity distributions
of the scattered spin-flip components were measured using the
experimental configuration described earlier (see panels a and b
of Figure 4 for coaxial apertures and rotating nanorods with m =
2, respectively). A characteristic dark spot in the center is clearly
seen in the images which is a signature of orbital AM. Moreover,
it is evident that the radius of the dark spot measured with the

nanorod chain of m = 2 is larger than the one measured with the
coaxial apertures, corresponding to a higher orbital AM. The
observed OSHEs and specifically the orbital AM obtained from
circular chains are due to the collective interaction of the
localized modes within the periodic plasmonic chains. To verify
the role of the interaction, we measured the spin-flip component
of the scattered light from a circular chain with random distribu-
tion of coaxial apertures. As evident from Figure 4c, a bright spot
was obtained, indicating zero orbital AM in a disordered
plasmonic chain.

The orbital AM of the spin-flip component scattered from a
circular chain is characterized by the strength of the dislocation
and its helicity. Phase dislocations are singular field points such
that the phase obtains a 2π-fold jump whenmaking a closed loop
around them. The dislocation’s strength is the number of wave
fronts that end at the phase dislocation point. Its absolute value
and sign (helicity) can be measured simultaneously by the
interference of two optical vortices.24,25 For this purpose, an
element consisting of two separated identical chains of nanorods
rotated along a circular path withm = 1 was fabricated (Figure 5a,
b). The two chains, which behave as twin sources, give rise to
intensity fringes, as shown in panels f and g of Figure 5. In the
measured interference patterns of the spin-flip components, two
additional fringes emerge, indicating two phase dislocations (see
the guiding lines in panels f and g of Figure 5). When we alter the
incident spin state, the antisymmetric forklike picture is reversed.
The experimental patterns with an incident spin of σ = (1 are
similar to calculated patterns resulting from the scalar interfer-
ence of two identical optical vortices with topological charges of
l = (2, respectively (Figure 5d,e). The spin-dependent fringe
patterns of a similar element with m = !1 (Figure 5c) were also
measured (not shown) to verify that the helicity of the phase
dislocation corresponds to the rotation handedness of the
nanorods. Moreover, the interference pattern of the ballistic
component did not comprise a phase dislocation, indicating zero
orbital AM. Each of the phase dislocations of the spin-flip
components predicted by the calculated patterns (triple fork,
see panels d and e of Figure 5), breaks in the experiment into a
pair of fundamental phase dislocations (double fork, see panels f
and g of Figure 5). The nongeneric vortex collapse to generic
vortices is in accordance with the prediction in ref 26; therefore,
the topological charge of the beam in this experiment is given
by the number of the fundamental phase dislocations, resulting in

Figure 3. (a) Transmission spectra of randomly arranged identically
oriented rectangular apertures with dimensions of 80 # 220 nm in
86 μm square array, and of a homogeneous chain with period Λ =
430 nm, local orientation θ0 = 45! and a length of 86 μm. The red and
blue lines/arrows correspond to linear polarization excitations parallel
and perpendicular to the nanorod’s minor axis, respectively. The insets
show SEM images of the structures described above. (b) SEM image of a
chain in which the nanorods’ orientation θ0 varies linearly along the
x axis with a rotation period of a = 3.44 μm, and a structure length of
86 μm. (c) The spin-dependent momentum deviation for the OSHE-
LA, at a wavelength of 730 nm. The red and blue lines stand for incident
spin states σin = (1, respectively.

Figure 4. The OSHE-LI and OSHE-LA for circular chains. The
measured far-field intensity distribution of the spin-flip component
scattered from a circular chain of ordered (a) and disordered (c) coaxial
apertures at a wavelength of 780 nm and rotating nanorods withm = 2 at
a wavelength of 730 nm (b). Bottom, SEM images of the chains with
radii of ro = 5 μm. The spin Hall momentum deviation is accompanied
by a spiral phase-front with l = 2 and l = 4, for the OSHE-LI (a) and
OSHE-LA (b), respectively. Note that no spin Hall momentum devia-
tion is observed from the disordered chain (c).
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of 3 mm (Fig. 4; see also movie S4). In the fig-
ures, thin-film interference is used to show the
evolution, by using the lamellae thickness h to
solve the Fresnel equations that determine the
constructive and destructive interference of re-
flected light. After draining for 6.4 s, a single
bubble bursts, which causes a rapid collapse of
the foam structure. Compared to the case in Fig. 3,
in this example the typical bubble size is much
larger, which makes a priori prediction of rup-
ture events less predictable.

In this work, we have developed a multi-
scale model of the interplay between gas, liquid,
and interface forces for a dry foam, permitting
the study of the effects of fluid properties, to-
pology, bubble shape, and distribution on drain-
age, rupture, and rearrangement.We demonstrated
the model by analyzing cascading properties of
bubble rupture together with large-scale hydro-
dynamics. Both the scale-separated model and
the underlying numerical algorithms are gen-
eral enough to allow extension of the physics at
individual scales to include other phenomena,
such as disjoining pressure, diffusive coarsening,
and different types of surface rheology, including
liquid-gas interfaces with mobile/stress-free bound-
ary conditions, surface viscosity, evaporation dy-
namics, and heating. The multiscale modeling

and numerical methodologies presented here sug-
gest a wide variety of related applications, such
as in plastic and metal foam formation.
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Spin-Optical Metamaterial Route
to Spin-Controlled Photonics
Nir Shitrit, Igor Yulevich, Elhanan Maguid, Dror Ozeri, Dekel Veksler,
Vladimir Kleiner, Erez Hasman*

Spin optics provides a route to control light, whereby the photon helicity (spin angular momentum)
degeneracy is removed due to a geometric gradient onto a metasurface. The alliance of spin optics
and metamaterials offers the dispersion engineering of a structured matter in a polarization
helicity–dependent manner. We show that polarization-controlled optical modes of metamaterials arise
where the spatial inversion symmetry is violated. The emerged spin-split dispersion of spontaneous
emission originates from the spin-orbit interaction of light, generating a selection rule based on
symmetry restrictions in a spin-optical metamaterial. The inversion asymmetric metasurface is obtained
via anisotropic optical antenna patterns. This type of metamaterial provides a route for spin-controlled
nanophotonic applications based on the design of the metasurface symmetry properties.

Metamaterials are artificial matter struc-
tured on a size scale generally smaller
than the wavelength of external stimu-

li that enables a custom-tailored electromagnetic
response of the medium and functionalities such
as negative refraction (1), imaging without an in-
trinsic limit to resolution (2), invisibility cloaking
(3), and giant chirality (4, 5). An additional twist
in this field originates from dispersion-engineered
metamaterials (6, 7). A peculiar route to modify
the dispersion relation of an anisotropic inhomoge-
neous metamaterial is the spin-orbit interaction

(SOI) of light; that is, a coupling of the intrinsic
angular momentum (photon spin) and the extrinsic
momentum (8–10). Consequently, the optical spin
provides an additional degree of freedom in nano-
optics for spin degeneracy removal phenomena
such as the spin Hall effect of light (9, 11–14).
The chiral behavior originates from a geometric
gradient associated with a closed loop traverse
upon the Poincaré sphere generating the geo-
metric Pancharatnam-Berry phase (15, 16), not
from the intrinsic local chirality of a meta-atom
(4, 5, 17). Specifically, spin optics enables the
design of a metamaterial with spin-controlled
modes, as in the Rashba effect in solids (18–21).

The Rashba effect is a manifestation of the
SOI under broken inversion symmetry [i.e., the
inversion transformation r → –r does not pre-

serve the structure (r is a position vector)], where
the electron spin-degenerate parabolic bands split
into dispersions with oppositely spin-polarized
states. This effect can be illustrated via a relativistic
electron in an asymmetric quantum well experienc-
ing an effective magnetic field in its rest frame,
induced by a perpendicular potential gradient ∇V, as
represented by the spin-polarized momentum offset
Dk º T∇V (18–21). In terms of symmetries, the
spin degeneracy associated with the spatial inversion
symmetry is lifted due to a symmetry-breaking
electric field normal to the heterointerface. Similar
to the role of a potential gradient in the electronic
Rashba effect, the space-variant orientation angle
f(x,y) of optical nanoantennas induces a spin-split
dispersion of Dk = s∇f (22–24), where sT = T1 is
the photon spin corresponding to right and left
circularly polarized light, respectively. We report on
the design and fabrication of spin-optical meta-
material that gives rise to a spin-controlled disper-
sion due to the optical Rashba effect. The inversion
asymmetry is obtained in artificial kagome struc-
tures with anisotropic achiral antenna configu-
rations (Fig. 1, A and B) modeling the uniform
(q = 0) and staggered (
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p
) chirality spin-

folding modes in the kagome antiferromagnet
(25–27). In the geometrically frustrated kagome
lattice (KL), the reorder of the local magnetic
moments transforms the lattice from an inversion
symmetric (IS) to an inversion asymmetric (IaS)
structure. Hence, we selected the KL as a platform
for investigating the symmetry influence on spin-
based manipulation of metamaterial dispersion.

It was previously shown that the localized
mode resonance of an anisotropic void antenna
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is observed with a linear polarization excitation
parallel to its minor axis (14, 23). We used this
anisotropy in artificial kagome structures, where
the anisotropic antennas are geometrically ar-
ranged in such a way that their principal axes
are aligned with the original spin direction in the
magnetic KL phases. These metamaterials with
the nearest-antenna distance of L = 6.5 mm were
realized using standard photolithographic tech-
niques (24) on a SiC substrate supporting reso-
nant collective lattice vibrations [surface phonon
polaritons (SPPs)] in the infrared region. We
measured angle-resolved thermal emission spec-
tra by a Fourier transform infrared spectrometer
at varying polar and fixed azimuthal angles (q,ϕ),
respectively, while heating the samples to 773 K
(see Fig. 1C for the experimental setup). The
dispersion relation w(k) at ϕ = 60° of the q= 0
structure (Fig. 1D) exhibits good agreement with
the standard momentum-matching calculation (28)
[see (24) for the isotropic KL analysis]. How-
ever, the measured dispersion of the

ffiffiffi
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p

configuration (Fig. 1E) reveals new modes as a
result of the inversion asymmetry of the struc-
ture, which may give rise to an optical spin degen-
eracy removal. By measuring the S3 component
of the Stokes vector representing the circular po-
larization portion within the emitted light (24, 29),
we observed the

ffiffiffi
3

p
!

ffiffiffi
3

p
spin-projected disper-

sion and found that the new modes yield a highly

polarized emission with opposite spin states and a
Rashba splitting of Dk = 2p/3L (Fig. 1, F and G).

The removal of the spin degeneracy requires
a spin-dependent correction to fulfill the momentum-
matching equation. The spin-controlled dis-
persion of an IaS metamaterial obeys the spin-
orbit momentum-matching (SOMM) condition
kjj
e ðsÞ ¼ kSPP þ mG1 þ nG2 − sKi, asso-

ciated with two differentiated sets of recipro-
cal vectors: structural and orientational. Here,

ðG1,G2Þ ¼ p
L ðx þ y=

ffiffiffi
3

p
, −x þ y=

ffiffiffi
3

p
Þ are the

structural reciprocal vectors determined by the q=
0 unit cell, whereas K1,2 ¼ p

3L ð−x ∓
ffiffiffi
3

p
yÞ are

the orientational reciprocal vectors determined by
a

ffiffiffi
3

p
!
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p
unit cell (Fig. 2A, inset), associated

with the local field distribution; kjj
e is the wave

vector of the emitted light in the surface plane; kSPP
is the SPP wave vector; (m,n) are the indices of the
radiative modes; and i ∈ {1,2} is the index of the
specific spin-dependent geometric Rashba term.
Note that in the vector equation the sign of the
orientational term is determined by the spin. More-
over, the specific geometric Rashba correction is a
result of an arbitrary orientational vector choice
from K1,2; based on this choice, the secondary
vector linearly depends on the primary Ki and both
the structural vectors G1,2. Hence, the SOMM con-
dition arises from the combined contributions of

the structural and orientational lattices resem-
bling the structural and magnetic unit cells in the
kagome antiferromagnet; yet, this concept is gen-
eral and can be tailored to metamaterials and meta-
surfaces (30). Considering low modes of (m,n) ∈
{0,T1}, we calculated the spin-dependent disper-
sions at ϕ = 0° and 60° (Fig. 2, A and B, respec-
tively), confirming the S3 measured dispersions
(Fig. 1, F and G, respectively), with the optical
Rashba spin split of 2p/3L. Such a spin-split dis-
persion is due to a giant optical Rashba effect, as
the geometric Rashba correction is in the order of
magnitude of the structural term; in particular, the
anomalous geometric phase gradient arising due
to the space-variant antenna orientation in the in-
vestigated IaS photonic system resembles the po-
tential gradient in the electronic Rashba effect.

The above condition can be also derived from
symmetry restrictions, where the representation
theory is applied to generate selection rules. If a
given structure is invariant under a translation fol-
lowed by a rotation and both operators commute,
then a spin-orbit coupling is expected. By ap-
plying the representation theory formalism con-
sidering these symmetry constraints, a momentum
selection rule with a spin-dependent geometric
Rashba correction can be obtained. When this
procedure is implemented for the

ffiffiffi
3

p
!

ffiffiffi
3

p
KL,

which is invariant under a translation of 2L to
the left followed by a rotation of 120° counter-
clockwise, the SOMM condition is realized [see
(24) for the detailed discussion].

In addition to the spin-projected dispersions,
selection rules can also specify the direction of
the surface wave excited at a given frequency
(Fig. 2, C to F). Hence, this concept serves as a
platform for spin-controlled surface waves pos-
sessing excellent potential for manipulation on the
nanoscale based on a geometric gradient. Partic-
ularly, the SOMM provides the basis for a new
type of IaS spin-optical metamaterials, supporting
spin-dependent plasmonic launching for nano-
circuits (31, 32) andmultiport in on-chip photonics.

The observed optical Rashba spin-split disper-
sions reveal two obvious relations of (i) w(k,s+) ≠
w(k,s–), which is a signature of inversion sym-
metry violation, and (ii) w(k,s+) = w(–k,s–), which
is a manifestation of time reversal symmetry (Fig.
1, F and G, and Fig. 2, A and B). Moreover, the
spin-projected dispersions show a clear discrim-
ination between the different IaS directions, which
is not observed in the degenerated intensity disper-
sions. By measuring the angle-resolved emission
spectra at varying ϕ and fixed q, we obtained
the strength of the optical Rashba effect pointing
on the IS and IaS directions in the KL (24). The
S3 dispersions of the

ffiffiffi
3

p
!

ffiffiffi
3

p
structure are

shown in Fig. 3, A and B, where the time reversal
symmetry is clearly seen; in addition, the IS di-
rections of ϕ ∈ {30°,90°,150°} are manifested by
the spin degeneracy, whereas in all other direc-
tions the degeneracy is removed.

The symmetry-based approach offers an ex-
tended condition because it also recognizes
the IS directions resulting in spin-degenerated

Fig. 1. Inversion symmetric and
asymmetric metamaterials and
optical Rashba effect. (A and B)
Optical microscope images of q = 0
and

ffiffiffi
3

p
!

ffiffiffi
3

p
structures, respectively.

Rhombuses represent the correspond-
ing unit cells in real space. The inset in
(A) is a scanning electron microscope
image of the 1-by-6–mm2 antenna,

etched to a depth of 1 mm on a SiC substrate. (C) Schematic setup for the spin-projected dispersion based
on the spin-optical metamaterial symmetry. The thermal radiation polarization state is resolved with the use
of a circular polarization analyzer [a quarter-wave plate (QWP) followed by a linear polarizer (P)]. ke, wave
vector of the emitted light. (D and E) Measured intensity dispersions of thermal emission from q = 0 andffiffiffi
3

p
!

ffiffiffi
3

p
structures, respectively. Yellow lines in (D) correspond to the standard momentum-matching

calculation; green lines in (E) highlight the new modes. c, speed of light. (F and G) Measured spin-polarized
dispersions of the

ffiffiffi
3

p
!

ffiffiffi
3

p
structure along the IaS directions of ϕ = 0° and 60°, respectively.
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dispersions. As a reference, we measured the inten-
sity dispersions of the q = 0 structure at ϕ = 30°,
verifying the standard momentum-matching cal-
culation without the geometric Rashba correction.
Note that this direction is arbitrary because this
structure is IS in all directions; however, it is a
specific IS direction in the

ffiffiffi
3

p
!

ffiffiffi
3

p
structure. In

accordance with this condition, we did not observe
any spin dependence in the measured

ffiffiffi
3

p
!

ffiffiffi
3

p

spin-projected dispersion at this direction. This re-
sult is supported by the SOMM condition (Fig.

3D), which is general because it distinguishes
between the IS and IaS directions and tailors a
spin-degenerated or spin-dependent output, respec-
tively, and it reveals new modes observed in theffiffiffi
3

p
!

ffiffiffi
3

p
intensity dispersion (Fig. 3C) owing to

the spin-dependent geometric Rashba correction.
The spin degeneracy removal was also shown

in the near-field associated with the orbital an-
gular momentum variation along the IaS di-
rections. We revealed a chain of vortices with
alternating helicities in the artificial

ffiffiffi
3

p
!

ffiffiffi
3

p

building blocks, carrying a spin-dependent space-
variant orbital angular momentum arising from
the spiral phase front of the SPPs [see (24) for
the detailed analysis]. The reported spin-based
phenomena in the near- and far-fields inspire the
development of a unified theory to establish a
link between the spin-controlled radiative modes
and the metasurface symmetry properties to en-
compass a broader class of metastructures from
periodic to quasi-periodic or aperiodic. The de-
sign of metamaterial symmetries via geometric
gradients provides a route for integrated nanoscale
spintronic spin-optical devices based on spin-
controlled manipulation of spontaneous emission,
absorption, scattering, and surface-wave excitation.
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Fig. 3. Symmetryanalysis
byspin-projectedmeasure-
ments. (A and B) Measured
S3 dispersions of the

ffiffiffi
3

p
!ffiffiffi

3
p

structure with varying ϕ
at q = 12° and –12°, respec-
tively. The inset highlights
the IS directions. (C and D)
Measured and calculated
intensity dispersions of theffiffiffi
3

p
!

ffiffiffi
3

p
structure along

an IS direction of ϕ = 30°,
respectively. The standard
momentum-matching and
the SOMM calculations in
(D) are denoted by the yellow
and green lines, respectively.

Fig. 2. Spin-orbitmomentum-
matching and surface-wave
control. (A and B) Calcu-
lated S3 dispersions of theffiffiffi
3

p
!

ffiffiffi
3

p
structure at ϕ =

0° and 60°, respectively, via
the SOMM condition. Red and
blue lines correspond to s+
and s– spin states, respective-
ly. (Inset) Reciprocal space of
q = 0 (yellow) and

ffiffiffi
3

p
!

ffiffiffi
3

p

(blue) structures with the cor-
responding reciprocal vectors.
The dashed blue arrow in-
dicates that only one of theffiffiffi
3

p
!

ffiffiffi
3

p
reciprocal vectors

is required to set the disper-
sion of a spin-optical meta-
material, in addition to both
of the q = 0 reciprocal vec-
tors. (C andD) Spin-controlled
surface-wave concept. The
scheme introduces the cou-
pling of the two spin-dependent
modes depicted in (A) to
surface-wave modes via the
degree of freedoms of w,
kjjin, and s;k

jj
in is the compo-

nent of the incident wave
vector kin parallel to the surface. (E and F) Vector summation representation of the SOMM condition
forecasting the direction of the surface wave for the aforementioned modes.

+

10 MAY 2013 VOL 340 SCIENCE www.sciencemag.org726

REPORTS

 o
n 

M
ay

 9
, 2

01
3

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fro

m
 



Xiao et al., Nature Commun. 2015 

The subwavelength confinement of surface plasmon polar-
iton (SPP) has been revolutionizing the way we control
light at the nanoscale and holds promise for future optical

information technology and optoelectronics1–3. Coupling
propagating light to SPPs is therefore a primary interest for
both fundamental studies and practical on-chip applications4.
Prisms, holographic gratings and tailor-made plasmonic particles
are commonly used for this purpose to compensate the
momentum mismatch between SPPs and propagation waves5–9.
However, these conventional methods usually provide a limited
dynamic tunability unless sophisticated electrical or optical tuning
on the material and geometrical parameters is employed9–13. On
the other hand, many attentions have been paid to the spin–orbit
interaction of light using geometric-phase-enabled optical
and plasmonic systems14–21. Together with the recent develop-
ments of resonator-based22–27 and geometric-phase-enabled
metasurfaces28–33, it offers an alternative route to excite SPPs
through spin–orbit interaction with opposite geometric phases for
the two spins. The associated spin-dependent phenomena can be
regarded as the optical spin-Hall effect (OSHE)34–40 in a more
general context about spin splitting of orbitals18,32,33,41–43. For
example, a flip of the incident spin (circular polarization) can
cause a split of beam displacement18,42, or a reverse in
propagation direction32,33 of a propagating SPP. However, the
time-reversely related SPP profiles, from the opposite geometric
phases, generated with the two normal incident spins in these
cases have so far only demonstrated simple and symmetric
splitting of the two spins, known as OSHE. Without a proper
geometric phase design scheme, the generated SPP profiles from
OSHE are far from arbitrary and independent for the two spins. It
refrains us to fully exploit the potential of OSHE and to allow the
two spins to work cooperatively in a flexible manner.

Here we demonstrate coherent and independent control of SPP
orbitals for the two opposite spins using multiple rings of nano-
slots with properly designed orientations on a metasurface. These
controls range from generating different focal spots to generating
independent complicated profiles for the two spins. This is made
possible in this work by establishing a geometric phase matching
scheme, which gives the orientation profile of the nano-slots from
the superimposition of the target SPP profiles for the two spins.
This scheme provides us to achieve arbitrary OSHE. Resulting
from this independence of spin splitting, we further demonstrate
the two opposite spins can cooperate with each other. For
example, we can dynamically tune the phases and amplitudes of
the designated SPP orbitals. Such coherent control can further
provide us the capability to assemble a series of individually
designed ‘time’ frames as a motion picture being played back by
rotating the linear polarization of the incident light. This is a form
of spin-enabled coherent control44–46 and provides a unique way
in achieving tunable orbital motions in plasmonics. For example,
it can be used as tip-free near-field scanning optical microscopy47,
polarization-steering plasmonic tweezers48, and coherent inputs
of SPP devices (coherent logic gate, transistor, etc.)49.

Results
Geometric phase design scheme. Figure 1 shows our metasurface
platform. It consists of two silver films separated by a dielectric
spacer. An array of nano-slots on the upper film is etched with
specific orientation profile a(x,y) (inset of Fig. 1a). A semi-
conductor laser at 1,064 nm is normally shined on the metasur-
face to generate a target SPP profile on the air-metal interface. For
a left/right-handed circular polarization (LCP/RCP) incidence,
each nano-slot reradiates as an electric dipole carrying an addi-
tional geometric phase ±2a (refs 27–33) in its cross-polarization
radiation. By requiring constructive interference in building up a

target SPP profile (see the derivation in Supplementary Note 1),
we obtain the following function to design the a profile:

f! EzÞ ¼ ! 1
2
arg @xEz ! i@yEz

! "
þ constant:

#
ð1Þ

For a target SPP profile E!
z , we can use a(x,y)¼ fþ E þ

z

! "
for LCP

incidence or equivalently a(x,y)¼ f& E&
z

! "
for RCP incidence.

This immediately imposes a usual restriction on the input target
SPP orbital of the two spins: Ezþ ¼ E&

z

! "' for the thin layer of
plasmonic particles to generate the same set of orientation profile.
This time-reversal relationship actually comes from the opposite
signs of the geometric phases for the two spins (the geometric
origin of OSHE). Therefore, the two orbital profiles of different
incident spins cannot be specified independently. We call it the
direct scheme (Fig. 1a).

On the other hand, if we are only interested in generating SPP
profiles within a slot-free region (the target region inside the ring
of particles in Fig. 1), an arbitrary SPP profile without radiation
into this region can be added to the input argument of
equation (1). The orientation profile becomes different but still
generates the same SPP profile. For a particular spin, if we
decompose the SPP profile in the target region into inward
and outward radiating parts. For example, a point-like standing
wave J0 kSP rj jð Þ ¼ ðH 1ð Þ

0 kSP rj jð ÞþH 2ð Þ
0 kSP rj jð ÞÞ=2, we only need to

ensure the inward radiating part matches to the corresponding
inward radiating part of the input argument Ez to equation (1). In
other words, the information capacity carried by the orientation
profile of the nano-slots is far from completely exhausted. This
redundant information capacity by considering generating SPP in
the target region can then be used for generating another SPP
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Figure 1 | Arbitrary OSHE of SPP. (a,b) Identical nano-slots with
orientation profile a(x,y) on the x&yplane with û, v̂ as the local principal
axes of each particle. Light is incident normally on the surface. a can be
designed by (a) direct substitution of the target SPP orbital Ezþ/Ez& (for LCP

and RCP incident wave) into equation (1) with restriction Eþ
z ¼ E&

z

! "'
; or

(b) the modified matching rule equation (2) employed in this work to gain
independent control of local SPP orbitals generated within the ring of nano-
slots. (c) Top-view scanning electron microscopy (SEM) image of
experiment sample. The sample is with geometrical parameters defined as
l¼ 500nm, w¼ 50nm and a¼ 706nm. Scale bars, 4mm in (c).
(d) Schematics of the experimental set-up.
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linear polarization angle f of the incident light. Here the orbitals
for both spins are set to same one: a focal spot with
E!
z ¼ H 2ð Þ

0 kSP rj jð Þ. The generated SPP profile becomes
cos fð ÞJ0 kSP rj jð Þ with linear polarization x̂ cosf þ ŷ sinf. Again,
we use the modified scheme to design and fabricate the sample
shown in Fig. 3a. Full wave simulations and experiments
are performed with varying f in Fig. 3c–h. The measured
intensity of the orbital (integrated around the focus spot)
gradually varies from maximum to zero by tuning f from 0! to
90!, with theoretical prediction cos2(f) shown in Fig. 3b. In fact,
we can further tune the maximum intensity to occur at a
polarization-selective angle x, by multiplying e!ix on the LCP
and RCP target profiles. The generated SPP standing wave
in the target region becomes cos f & xð ÞJ0 kSP rj jð Þ. This amplitude
control (with x) constitutes a single ‘pixel’ for further
construction.

Such coherent control of orbitals including phase and
amplitude can further allow us to design individual picture
frames, which will only light up at different and designated
polarization angle f. By using geometric phases from the same set
of atoms, we can construct motion pictures by tuning the incident
polarization. Here we take an array of these pixels for illustration,
and instruct the light to write an alphabet when the linear
polarization angle f is rotated. We set the target SPP profile as

E!
z ¼

XN

i¼1

e! ixicos y& yið ÞH 2ð Þ
1 kSP r & rij jð Þ; ð3Þ

where xi¼fmax(i & 1)/(N & 1) linearly increases along the path of
pixels with index i¼ 1 to N (Fig. 4a). It lights up the pixels in
sequence with an example of letter ‘b’ (Fig. 4b). Each pixel is a
dipole-like focal spot with its direction yi aligned with the stroke
joining successive pixels. To illustrate the dynamic behaviour, we
plot the ‘time’ frames of the simulated and measured SPP profiles
with different values of f. As f increases, the profiles have their
maximum intensity tracing the letter ‘b’ in the counter clock-wise

direction as designed (Fig. 4c–l). On the other hand, a ‘static’
picture of the letter ‘b’ is revealed by a RCP incidence (Fig. 5a,b).
The polarization-selectivity at each pixel is lost in such a case. The
target orbitals for both spins have the same amplitude (static
picture) designed from equation (3) while the subtle difference in

–10 100 –10 0
x / !SP x / !SP

c 

e 

0

y 
/ !

S
P

10

0

y 
/ !

S
P

d

f 

–10

10

–10

LCP/RCP

10 –15 0 
x / !SP

15 –15 150
x / !SP

–15

15

0

15

15

0

b a 

LCP RCP 

g 

i 

k 

j

l 

h 

LCP RCP

LCP/RCP

1.0 

0.0 
0.2 
0.4 
0.6 
0.8 

m = 0 m = 1

"i

|E |2

Figure 2 | Arbitrary spin-Hall effect. (a) Arbitrary spin splitting: LCP orbital to focus to two spots (red) while RCP orbital to focus a single spot (blue) (see
text for detailed specification). (b) Top-view SEM image of the fabricated sample: a ring of nano-slots (with radii from 6.6lSP to 10lSP, embedded with a

square array of particles separated by a¼ 2lSP/3). (c–f) are simulated Ezj j2 and experimental intensity profiles for LCP and RCP incidence. (g) Arbitrary
spin-dependent SPP profiles with more complicated pattern: shining LCP generating a triangle pattern (red) and shining RCP generating a cross pattern

(blue). (h) Top-view SEM image of the fabricated sample (with radii from 10lSP to 13.3lSP and a¼ 2lSP/3). (i–l) simulated Ezj j2 and experimental intensity
profiles for LCP and RCP incidence. Here we use same colour scales for different incident CP. Scale bars, 4mm in b,h respectively.
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phases at the pixels, storing the time sequence information, is a
complicated version of coherent intensity control between the
static pictures from the two spins. Apart from a letter ‘b’, a letter
‘O’, a letter ‘N’ and a letter ‘U’ are also designed and fabricated for
further illustrations, the simulated and measured static pictures of
which are presented in Fig. 5c–h for RCP incidence. The
measured RMSD are all below 0.2 with correlation coefficient
around 0.5, which show a clear correlation with the designed SPP
pattern. Their motion pictures are shown in Supplementary
Figs 9–11. Both static and motion pictures faithfully realize the
designed sequence in writing the letters.

Discussion
In the present work, we have established a generic geometric phase
scheme for SPP generation with geometric phase elements
on a metasurface. This scheme provides us the freedom to
independently control both the amplitude and phase of local SPP
orbitals by two opposite spins. With this freedom, we have
demonstrated arbitrary plasmonic spin-Hall effect not only about
splitting of SPP orbitals but also about generating different
controllable shapes of SPP profiles. We note that such arbitrari-
ness in SPP orbital control (independence for two incident spins,
with arbitrary amplitude and phase control at the same time) is
provided by the spin nature of CP light together with our the
geometric phase matching scheme (equations (1–3)). The usage of
CP light allows us to avoid the so called ‘amplitude spatial-
dispersion’ problem of nano-slot arrays that the transmitted
amplitude and phase though such nano-slots cannot be
independently controlled. Although the V-shape and C-shape
antennas22,23,27, can resolve such locked amplitude and phase
problem with linear polarized incident light, the generated profiles
for the two linear polarization in this case will then be unavoidably
dependent on each other so that we lost the independence of the
generated patterns between the two orthogonal polarizations.
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Figure 5 | The static pictures of motion pictures. (a,b) letter ‘b’,
(c,d) letter ‘O’, (e,f) letter ‘N’, and (g,h), letter ‘U’ with RCP incidence are

the simulated Ezj j2 profile/the measured intensity profile. The measured
performance merit RMSD (PPM) are 0.15 (0.42) for letter ‘b’, 0.17 (0.53)
for letter ‘O’, 0.16 (0.56) for letter ‘N’ and 0.13 (0.53) for letter ‘U’,
respectively.
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Photonic spin-controlled
multifunctional shared-aperture
antenna array
Elhanan Maguid,1* Igor Yulevich,1* Dekel Veksler,1* Vladimir Kleiner,1

Mark L. Brongersma,2 Erez Hasman1†

The shared-aperture phased antenna array developed in the field of radar applications is a
promising approach for increased functionality in photonics.The alliance between the
shared-aperture concepts and the geometric phase phenomenon arising from spin-orbit
interaction provides a route to implement photonic spin-control multifunctional
metasurfaces.We adopted a thinning technique within the shared-aperture synthesis
and investigated interleaved sparse nanoantenna matrices and the spin-enabled
asymmetric harmonic response to achieve helicity-controlled multiple structured
wavefronts such as vortex beams carrying orbital angular momentum.We used multiplexed
geometric phase profiles to simultaneously measure spectrum characteristics and the
polarization state of light, enabling integrated on-chip spectropolarimetric analysis.
The shared-aperture metasurface platform opens a pathway to novel types of nanophotonic
functionality.

M
ultifunctional planar systems that can
perform a number of concurrent tasks
in a shared aperture were recently intro-
duced in the field of phased-array an-
tennas for radar applications. In particular,

modern radio frequency sensing, communication,
and imaging systems based on sparse phased-
array antennas are able to operate at different

frequency bands, polarizations, scanning directions,
etc. These capabilities are ascribed to subarrays
of elementary radiators, sharing a common phys-
ical area that constitutes the complete aperture
of the phased array (1–4). The shared-aperture
concept can be adopted to realize multifunctional
photonic antenna arrays. The recent implementa-
tion of metasurfaces, or metamaterials of reduced

dimensionality, is of particular relevance, as it
opens up new opportunities to acquire virtually
flat optics. Metasurfaces consist of a dense ar-
rangement of resonant optical antennas on a
scale smaller than the wavelength of external
stimuli (5–10). The resonant nature of the light-
matter interaction of an individual nanoantenna
affords substantial control over the local light scat-
tering properties. Specifically, the local phase pick-
up can be manipulated by tailoring the antenna
material, size, and shape, as well as environment–
antenna resonance shaping (11–15), or through
the geometric phase concept (10, 16–20). The latter
concept is an efficient approach for achieving
spin-controlled phase modulation, whereas the
photon spin is associated with the intrinsic angular
momentum of light (21). Such a geometric phase
metasurface (GPM) transforms an incident circularly
polarized light into a beam of opposite helicity,
imprinted with a geometric phase fgðx; yÞ ¼
2sTqðx; yÞ, where sT ¼ T1 denotes the polarization
helicity [photon spin in ħ units (ħ is Planck’s
constant h divided by 2p)] of the incident light,
and q(x, y) is the nanoantenna orientation (22).
Here we incorporate the shared-aperture phased
antenna array concept and spin-controlled two-
dimensional (2D) optics based on nanoantennas.
By use of the geometric phase mechanism, the

1202 3 JUNE 2016 • VOL 352 ISSUE 6290 sciencemag.org SCIENCE
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Engineering, and Russell Berrie Nanotechnology Institute,
Technion – Israel Institute of Technology, Haifa 32000,
Israel. 2Geballe Laboratory for Advanced Materials, Stanford
University, 476 Lomita Mall, Stanford, CA 94305, USA.
*These authors contributed equally to this work. †Corresponding
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Fig. 1. Schematic of shared-aperture concepts. (A to C) Segmented (A), interleaved (B), and HR (C) 1D phased arrays. (D to F) Schematic far-field
intensity distribution of wavefronts with positive (red) and negative (blue) helicities emerging from segmented (D), interleaved (E), and HR (F) GPMs
composed of gap-plasmon nanoantennas (inset). Here, l denotes the topological charge of the spin-dependent OAM wavefronts [for more details,
see (22)].
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spin-orbit interaction phenomenon, a multifunc-
tional GPM, is implemented (Fig. 1).
Photonic GPMs with spatially interleaved phase

profiles are designed by the random mixing of
optical nanoantenna subarrays, where each sub-
array provides a different phase function in a
spin-dependent manner. This approach makes
use of the peculiar ability of random patterns to
yield extraordinary information capacity and
polarization helicity control via the geometric
phase concept. We realized a high-efficiency
multifunctional GPM in which the phase and
polarization distributions of each wavefront are

independently controlled. These GPMs are based
on gap-plasmon resonator (GPR) nanoantennas
that consist of metal-insulator-metal layers that
enable high reflectivity by increasing the coupling
between the free wave and the fundamental res-
onator mode. Moreover, adjustment of the GPR
nanoantenna’s dimensions enables the design of
a high-efficiency half-wave plate (22, 23). For the
reflection mode of a single wavefront, we found a
diffraction efficiency of ~79%, which is in good
agreement with the theory (10, 18, 19) and the
finite-difference time-domain (FDTD) simulation
(fig. S1, D to F) (22). Then, to design a metasurface

generating multiple spin-dependent wavefronts
carrying orbital angular momentum (OAM), the
GPR nanoantennas were randomly distributed into
equal interleaved subarrays. The nanoantennas
of each jth subarray were oriented according
to the relation 2qjðx; yÞ ¼ kjx þ ljϕ, to obtain
momentum redirection sTkj and topological charge
(winding number) sTlj; ϕ is the azimuthal angle
(Fig. 2A). We measured the far-field intensity dis-
tribution by illuminating the metasurface with
circularly polarized light at a wavelength of 760 nm,
and we observed three-by-two spin-dependent
OAM wavefronts with the desired topological

SCIENCE sciencemag.org 3 JUNE 2016 • VOL 352 ISSUE 6290 1203

Fig. 2. Multiple wavefront shaping via interleaved GPMs. (A) Scanning elec-
tronmicroscope image of a gap-plasmon GPM of apertureD = 50 mm. (B andC)
Measured spin-flip momentum deviation of three wavefronts with different
OAMs. sT denotes the incident spin. k0 is the wave number of the incident beam.
(D and E) Interference pattern of the spin-flipped components with a plane wave,
observed fromdifferent GPMsgeneratingOAMwavefronts of l=±1 (D) and l=±2
(E), for s− and sþ illumination. (F) Observed angular width of plane waves emer-

ging from shared-aperture GPMs of different types and numbers of generated
channels, corresponding to different colors. a.u., arbitrary units; rad, radians. (G)
Measured momentum deviations for the interleaved and segmented GPMs,
wherein the intensity distributions of nine channels in (F) are presented along the
dashed colored lines. (H and I) Efficiency per channel (H) and number of bits per
channel (I). Red dots and black triangles denote the calculation and experiment
results, respectively.The blue lines correspond to ~1/N2.
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reported spin-controlled multifunctional meta-
surfaces based on shared-aperture approaches
are studied in terms of information capacity by
means of Wigner phase-space distribution to
establish a link between the Shannon entropy
and the capacity of photonic system (fig. S8) (22).
Spectropolarimetry is an application for the

simultaneous measurement of the spectrum and
polarization state of light and is widely used to
characterize chemical compounds. Implementing
spectropolarimetric devices with metasurfaces
opens new avenues for on-chip detection. Re-
cently, on-chip chiroptical spectroscopy (27) was
presented, measuring the differential absorp-
tion between left- and right-circular polariza-
tions. The device used in this experiment is
unable to provide full polarization analysis. Fur-
thermore, it has been shown that a metasurface
allows for the simultaneous determination of
the Stokes parameters (i.e., the polarization state
of light) (28, 29) without consideration of the
spectral analysis. Here we propose a simple, fast,
and compact technique, based on an interleaved
GPM, that can simultaneously characterize the
polarization state and spectrum of a wave trans-
mitted through a semitransparent object. The
spectropolarimeter metasurface (SPM) is com-
posed of three interleaved linear phase profiles
ðfð1Þg ¼ sTkxx; f

ð2Þ
g ¼ sTkyy; f

ð3Þ
g ¼ sTkyyÞ asso-

ciated with different nanoantenna subarrays.
When a probe beam with an arbitrary polari-

zation state impinges on the SPM, two beams
of intensities IsT , consisting of opposite helicity
states, and two additional beams emerge. The
latter have identical polarizations, conjugate
with respect to the incident beam, and being
projected onto linear polarizers at 0° and 45°
determines the linearly polarized components
IL0 and IL45, respectively (Fig. 4A). The Stokes
parameters of the probed beam are then cal-
culated by the expressions (28) S0 ¼ 2ðIsþ þ
Is− Þ=h, S1 ¼ 2IL0=h − S0, S2 ¼ 2IL45=h − S0,and
S3 ¼ 2ðIsþ − Is− Þ=h, where the coefficient (h) is
determined by a calibration experiment (fig. S9).
The SPM of 50-mm diameter was normally il-
luminated by a supercontinuum light source,
passing through the acousto-optic modulator,
which enables the tenability of various wave-
lengths. Figure 4B shows the measured and
calculated Stokes parameters on a Poincaré
sphere for an analyzed beam impinging the
SPM at a wavelength of 760 nm with different
polarizations, obtained by a polarization-state
generator (linear polarizer followed by a rotated
quarter-wave plate). The spectral resolving power
is defined according to the Rayleigh criterion
as l=Dl ¼ q=Mx;y

2, where Mx;y
2 is the beam

quality parameter in each direction (x, y) and q
is the number of phase-modulation periods (30).
The resolving power of the SPM was measured
and found to be l=Dl≅13 (Fig. 4C). The obtained
value is in good agreement with the calculated

resolving power for SPM with q ≅ 17 periods
and a laser beam quality ofMx;y

2 ¼ 1:3. Wemea-
sured the optical rotatory dispersion (ORD) for
the specific rotations of D-glucose (chiral mole-
cule) and its enantiomer L-glucose that were
dissolved in water with predetermined concen-
trations (Fig. 4D) (22). The ORD of D-glucose
shows a good agreement with the values found
in the literature (31), whereas the L-glucose ORD
is manifested by the opposite behavior as ex-
pected. We achieved real-time on-chip spectro-
polarimetry by exploiting the interleaved GPM.
The reported alliance of the spin-enabled geo-
metric phase and shared-aperture concepts sheds
light on the multifunctional wavefront manip-
ulation in a spin-dependent manner. The intro-
duced asymmetric HR and interleaved GPMs
constitute suitable candidates to realize on-
demand multifunctional on-chip photonics.

REFERENCES AND NOTES

1. D. M. Pozar, S. D. Targonski, IEEE Trans. Antenn. Propag. 49,
150–157 (2001).

2. R. L. Haupt, IEEE Trans. Antenn. Propag. 53, 2858–2864
(2005).

3. A. M. Sayeed, V. Raghavan, IEEE J. Sel. Top. Signal Process. 1,
156–166 (2007).

4. I. E. Lager, C. Trampuz, M. Simeoni, L. P. Ligthart, IEEE Trans.
Antenn. Propag. 57, 2486–2490 (2009).

5. A. Papakostas et al., Phys. Rev. Lett. 90, 107404 (2003).
6. X. Yin, Z. Ye, J. Rho, Y. Wang, X. Zhang, Science 339,

1405–1407 (2013).

SCIENCE sciencemag.org 3 JUNE 2016 • VOL 352 ISSUE 6290 1205

Fig. 4. Spectropolarimeter metasurface. (A) Sche-
matic setup of the spectropolarimeter. The SPM is illu-
minated by a continuum light passing through a cuvette
with chemical solvent, then four beams of intensities Isþ ,
Is− , IL45, and IL0 are reflected toward a charge-coupled
device camera. (B) Predicted (red dashed curve) and
measured (blue circles) polarization states, obtained by a
polarization-state generator (a linear polarizer followed
by a rotated quarter-wave plate), depicted on a Poincaré
sphere. (C) Measured far-field intensities for elliptical
polarization at two spectral lines (with wavelengths of
740 and 780 nm) and (inset) the corresponding resolving
power (black line) and calculation (blue line) of the 50-μm
diameter SPM. (D) ORD for the specific rotations of D- and
L-glucose. Black squares and red circles represent the
measured ORD of D- and L-glucose, respectively.Theblue
line depicts the dispersion acquired from (31).
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SOI in anisotropic nanostructures 



q   Spin-orbit interaction in paraxial beams 
§ Propagation in gradient-index media 

§ Reflection/transmission at an interface 

q  Spin-orbit coupling in nonparaxial fields 
§ Spin and orbital AM in free space 

§ Focusing, scattering, imaging 

q  Spin-orbit coupling in inhomogeneous 
 anisotropic structures (metasurfaces) 

q  Transverse spin-momentum locking 



2. Intrinsic orbital AM (vortex) 

   Lint = ℓκ c

  ℓ = 0   ℓ = 1

  ℓ = −1   ℓ = 2

  S =σ κ c

3. Longitudinal spin AM 

1σ = 1σ = −

  S⊥ ∝Rek × n

4. Transverse spin AM 

1. Extrinsic orbital AM 
   (trajectory) 

  Lext = rc × k c  rc

  k c



  
S⊥ = Rek × Imk

(Rek)2

 T
 F

Transverse spin angular momentum 

Evanescent waves carry longitudinal canonical momentum 
and transverse helicity-independent spin AM: 

 x

z y

 S
 x  E

z

 H

 y

 P  σ = 0

  P = Rek ,

Bliokh & Nori, PRA 2012 



Transverse spin-momentum locking 

This extraordinary property provides transverse spin–
momentum locking, analogues to that in topological 
insulators, or the “quantum spin Hall effect of light”: 

 x

z y

  kz > 0

  kz < 0

  
Sy > 0

  
Sy < 0

  kinc

 σ = 1 σ = −1
 x

 y
z  right

 left

Science: Rodriguez–Fortuno et al. 2013; Petersen et al. 2014; Bliokh et al. 2015 



Petersen et al., Science 2014; Mitsch et al., Nat. Com. 2014; le Feber et al. Nat. Com. 2015 

Transverse spin-momentum locking 



Transverse spin angular momentum 

The transverse polarization–independent spin AM density 
also appears in propagating interference fields, but its 
integral value vanishes in such fields: 

Bekshaev et al. PRX 2015; Mathevet & Rikken, OE 2014; Neugebauer et al. PRL 2015 

it is a measurement of the coherence between the longitudinal and transverse field components
rather than their intensities. Secondly, and from a more theoretical point of view, we will recall
the definition of optical chirality and chirality flux. These two field quantities are associated
respectively to natural circular dichroism (NCD) in chiral samples and MCD. We will show
that such a common laser beam, despite its elliptical polarization, is an example of a light field
having no optical chirality a but finite chirality flux. It can thus produce MCD but not NCD
emphasizing the fundamental difference between these two kind of optical activity.

The paper is organized as follows. We give in Sec. 2 a straightforward derivation of the
expected signal. The experimental setup and the techniques we implemented are described in
Sec. 3. We then present our findings in Sec. 4 before we introduce in Sec. 5 chirality and
chirality flux to distinguish between NCD and MCD. After a concluding paragraph we give in
an appendix some more details on theory and experiments.

2. Theoretical background

We first give here a simple, first order, derivation of the polarization state of a focused gaus-
sian beam and refer the reader to [5] for more rigorous and systematic approaches. Let us
consider the complex electrical field EEE of a monochromatic Gaussian beam, of wavenumber
k= 2p/l =w/c, propagating along the z-axis, with a beam waist w0 located in z= 0 (Fig. 1(a)).
Its divergence angle and Rayleigh range are q = l/pw0 and zR = pw

2
0/l . We suppose more-

over that the beam has traveled through a linear polarizer that eliminates the y-component of
EEE. As we use a low aperture lens, we assume furthermore that Ey remains negligibly small. We
model Ex by:

Ex = E0
zR

q(z)
exp

✓
�ik

r2

2q(z)

◆
exp(iwt), (1)

where q(z) = z+ izR is the complex beam parameter and r2 = x
2 + y

2 [2]. The electrical field

y

x

z

x
Ea) c)

b)

zR

w0

z

x

z=0

Fig. 1. a) Longitudinal cross-section of a light beam asymptotically linearly polarized. (b)
Sketch of the polarization evolution across the beam. (c) Beam transverse cross-section in
the waist plane. Color scale measures the circular intensity V from green to magenta. Black
arrows point toward the extrema of V where the circular fraction is ±q .
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se

co
m
po

-
ne
nt
s
of

th
e
el
ec
tr
ic

sp
in

de
ns
ity

in
tig

ht
ly

fo
cu
se
d
ve
ct
or

be
am

s.
T
he

hi
gh

re
so
lu
tio

n
of

th
e
na
no

pr
ob

e
sc
an
ni
ng

m
ea
su
re
m
en
t
pe
rm

itt
ed

us
to

su
bs
eq
ue
nt
ly

re
co
ns
tr
uc
t

th
e
lo
ng

itu
di
na
l
el
ec
tr
ic

co
m
po

ne
nt

of
B
el
in
fa
nt
e’
s
sp
in

m
om

en
tu
m

de
ns
ity
.
B
y
co
m
pa
ri
ng

ra
di
al
ly

an
d
lin

ea
rl
y

po
la
ri
ze
d
be
am

s,
bo

th
co
m
m
on

ly
us
ed

in
na
no

-o
pt
ic
s
an
d

op
tic
al

tw
ee
ze
r
ex
pe
ri
m
en
ts
,
w
e

ha
ve

sh
ow

n
th
at

th
e

tr
an
sv
er
se

sp
in

de
ns
ity

an
d,

co
ns
eq
ue
nt
ly
,
B
SM

D
ca
n
be

tu
ne
d
by

th
e
m
od

e
an
d
po

la
ri
za
tio

n
st
at
e
of

th
e
in
co
m
-

in
g
be
am

.
In

a
re
ce
nt
ar
tic
le
,a

fu
ll
re
co
ns
tr
uc
tio

n
te
ch
ni
qu

e
of

fo
ca
l

fi
el
ds

in
te
rm

s
of

th
e
am

pl
itu

de
an
d
ph

as
e
di
st
ri
bu
tio

ns
of

th
e
el
ec
tr
ic

fi
el
d
co
m
po

ne
nt
s
ha
s
be
en

in
tr
od

uc
ed

[3
2]
.

In
pr
in
ci
pl
e,

th
is

sc
he
m
e
al
so

en
ab
le
s
th
e
ca
lc
ul
at
io
n
of

al
lc

om
po

ne
nt
s
(e
le
ct
ri
c
an
d
m
ag
ne
tic
)
of

th
e
sp
in

de
ns
ity

an
d

th
e
co
rr
es
po

nd
in
g

lin
ea
r
m
om

en
tu
m

de
ns
ity

[1
–3
].

N
ev
er
th
el
es
s,
it
re
qu

ir
es

so
lv
in
g
a
co
m
pl
ex

se
to

fe
qu

at
io
ns

fr
om

w
hi
ch

th
e
pa
ra
m
et
er
s
ca
n
be

de
du

ce
d.

C
on
ve
rs
el
y,

in
th
is
L
et
te
r
w
e
ha
ve

sh
ow

n
th
at

by
re
st
ri
ct
in
g
ou

rs
el
ve
s

to
th
e
ex
pe
ri
m
en
ta
l
re
co
ns
tr
uc
tio

n
of

th
e
tr
an
sv
er
se

co
m
-

po
ne
nt

of
th
e
el
ec
tr
ic

sp
in

de
ns
ity
,
ta
ki
ng

ad
va
nt
ag
e
of

di
re
ct
io
na
l
sc
at
te
ri
ng

,a
si
m
pl
e
di
ff
er
en
ce

si
gn

al
m
ea
su
re
-

m
en
t

in
th
e

fa
r

fi
el
d

is
su
ff
ic
ie
nt

fo
r

an
ac
cu
ra
te

hi
gh
-r
es
ol
ut
io
n
de
te
rm

in
at
io
n
of

th
e
lo
ng
itu

di
na
l
el
ec
tr
ic

co
m
po

ne
nt

of
B
SM

D
.I
n
ad
di
tio

n,
th
e
m
ea
su
re
m
en
t
te
ch
-

ni
qu

e
ca
n
al
so

be
us
ed

to
in
ve
st
ig
at
e
fi
el
d
di
st
ri
bu
tio

ns
th
at

ar
e
m
or
e
sp
at
ia
lly

ex
te
nd

ed
.

FI
G
.
3
(c
ol
or
).

(a
)
T
he

be
am

pr
of
ile

of
th
e
in
co
m
in
g
pa
ra
xi
al

lin
ea
rl
y

po
la
ri
ze
d

be
am

,
an
d

(b
)
th
e

re
sp
ec
tiv

e
th
eo
re
tic
al
ly

ca
lc
ul
at
ed

fo
ca
ld
is
tr
ib
ut
io
n
of

jE
to
tj2
.T

he
m
ea
su
re
d
di
st
ri
bu

tio
ns

of
sx E

an
d
sy E

(n
or
m
al
iz
ed

to
th
ei
r
co
m
m
on

m
ax
im

um
va
lu
e)

ar
e

de
pi
ct
ed

in
(c
)
an
d
(d
),

an
d
th
e
ex
pe
ri
m
en
ta
lly

re
co
ns
tr
uc
te
d

di
st
ri
bu

tio
n
of

p
z s;
E
(n
or
m
al
iz
ed

to
its

m
ax
im

um
va
lu
e)

is
sh
ow

n
in

(e
).

T
he

co
rr
es
po

nd
in
g
th
eo
re
tic
al
ly

ca
lc
ul
at
ed

di
st
ri
bu

tio
ns

ar
e
pl
ot
te
d
as

in
se
ts
.
A

si
de

vi
ew

of
th
e
tig

ht
ly

fo
cu
se
d
be
am

pr
op

ag
at
in
g
in

th
e
z
di
re
ct
io
n
(g
re
en

ar
ro
w
)
is

sk
et
ch
ed

in
(f
).

C
lo
ck
w
is
e
an
d
co
un

te
rc
lo
ck
w
is
e
tr
an
sv
er
se

sp
in
ni
ng

of
th
e
lo
ca
l

el
ec
tr
ic

fi
el
d

ve
ct
or

to
th
e
le
ft

an
d

ri
gh

t
of

th
e
op

tic
al

ax
is

(g
ra
y
ar
ro
w
s)
yi
el
ds

a
pa
ra
lle
lp

z s;
E
(r
ed

ar
ro
w
)o

n
th
e
op

tic
al
ax
is
.

PR
L
11

4,
06

39
01

(2
01

5)
P
H
Y
S
IC

A
L

R
E
V
IE

W
L
E
T
T
E
R
S

w
ee
k
en
di
ng

13
FE

B
R
U
A
R
Y

20
15

06
39

01
-4

st
ro
n
g
lo
n
g
it
u
d
in
a
l
fi
e
ld
c
o
m
p
o
n
e
n
t
a
p
p
e
a
rs
in
th
e
c
e
n
te
r
o
f

th
e
fo
c
a
l
sp
o
t
[3
0
].
In

F
ig
s.
2
(c
)–
2
(d
)
th
e
m
e
a
su
re
d
tr
a
n
s-

v
e
rs
e
sp
in

d
e
n
si
ty

c
o
m
p
o
n
e
n
ts

s
x E
a
n
d
s
y E
a
re

d
e
p
ic
te
d
.

T
h
e
e
x
p
e
ri
m
e
n
ta
l
d
is
tr
ib
u
ti
o
n
s
e
x
h
ib
it
a
v
e
ry

g
o
o
d
o
v
e
rl
a
p

w
it
h
th
e
o
ry

(s
e
e
in
se
ts
)
d
e
m
o
n
st
ra
ti
n
g
th
e
h
ig
h
a
c
c
u
ra
c
y

o
f
th
e
m
e
a
su
re
m
e
n
t
a
p
p
ro
a
c
h
.
U
si
n
g

th
o
se

re
su
lt
s,

th
e

d
is
tr
ib
u
ti
o
n
o
f
p
z s
;E
is
re
c
o
n
st
ru
c
te
d
fr
o
m

th
e
e
x
p
e
ri
m
e
n
ta
l

d
a
ta

u
si
n
g
E
q
.
(3
)
[s
e
e
F
ig
.
2
(e
)]
.
T
h
e
c
o
m
p
a
ri
so
n
w
it
h

th
e
th
e
o
re
ti
c
a
l
d
is
tr
ib
u
ti
o
n
(s
e
e
in
se
t)
sh
o
w
s
a
v
e
ry

g
o
o
d

o
v
e
rl
a
p
a
s
w
e
ll
.
A
n
in
te
re
st
in
g
re
su
lt

is
th
a
t
B
S
M
D

is
n
e
g
a
ti
v
e
in

th
e
c
e
n
te
r
o
f
th
e
b
e
a
m
,
w
h
ic
h
im

p
li
e
s
th
a
t,
o
n

th
e
o
p
ti
c
a
l
a
x
is
,
B
S
M
D

is
a
n
ti
p
a
ra
ll
e
l
to

th
e
p
ro
p
a
g
a
ti
o
n

d
ir
e
c
ti
o
n
o
f
th
e
ra
d
ia
ll
y
p
o
la
ri
z
e
d
b
e
a
m

[s
e
e
si
d
e
v
ie
w

sk
e
tc
h

in
F
ig
.
2
(f
)]
.
A

si
m
il
a
r
e
ff
e
c
t
c
a
n

b
e

se
e
n

in
e
v
a
n
e
sc
e
n
t
w
a
v
e
s
o
r
su
rf
a
c
e
p
la
sm

o
n
p
o
la
ri
to
n
s
[5
,1
2
].

In
th
e
o
ry
,
th
e
m
a
g
n
e
ti
c
fi
e
ld

is
z
e
ro

o
n
th
e
o
p
ti
c
a
l
a
x
is

o
f
th
e
ti
g
h
tl
y
fo
c
u
se
d
ra
d
ia
ll
y
p
o
la
ri
z
e
d
b
e
a
m
,
b
e
c
a
u
se

o
f

th
e
a
z
im

u
th
a
l
sy
m
m
e
tr
y

o
f
th
e
m
a
g
n
e
ti
c
fi
e
ld

v
e
c
to
rs
.

A
c
c
o
rd
in
g
ly
,
th
e
li
n
e
a
r
m
o
m
e
n
tu
m

d
e
n
si
ty

p
is

z
e
ro

a
s

w
e
ll
.
F
o
r
th
is

re
a
so
n
,
th
e
e
le
c
tr
ic

c
o
m
p
o
n
e
n
t
o
f
B
S
M
D

m
u
st

h
a
v
e

e
x
a
c
tl
y

th
e

sa
m
e

v
a
lu
e

a
s

th
e

c
a
n
o
n
ic
a
l

m
o
m
e
n
tu
m
,
b
u
t
w
it
h
th
e
o
p
p
o
si
te

si
g
n
,
p
z s
;E
¼

−
p
z o
.
T
h
e

sp
in

m
o
m
e
n
tu
m

a
n
d
th
e
o
rb
it
a
l
m
o
m
e
n
tu
m

a
re

in
e
q
u
il
ib
-

ri
u
m

a
s
in
d
ic
a
te
d
b
y
th
e
sc
h
e
m
a
ti
c
s
in

F
ig
.
2
(f
).

A
s
a
n
e
x
a
m
p
le

fo
r
a
c
a
se

w
it
h
si
g
n
if
ic
a
n
tl
y
d
if
fe
re
n
t

d
is
tr
ib
u
ti
o
n
s
o
f
s
x E
,
s
y E
,
a
n
d
p
z s
;E
,
w
e
c
o
n
si
d
e
r
a
ti
g
h
tl
y

fo
c
u
se
d
li
n
e
a
rl
y
p
o
la
ri
z
e
d
b
e
a
m
.
A
sk
e
tc
h
o
f
th
e
in
c
o
m
in
g

p
a
ra
x
ia
l
b
e
a
m

is
d
e
p
ic
te
d
in

F
ig
.
3
(a
).
T
h
e
c
a
lc
u
la
te
d
fo
c
a
l

sp
o
t
in

F
ig
.
3
(b
)
sh
o
w
s
th
e
ty
p
ic
a
l
e
lo
n
g
a
te
d
d
is
tr
ib
u
ti
o
n

c
a
u
se
d

b
y

th
e
b
re
a
k
in
g

o
f
th
e
a
x
ia
l
sy
m
m
e
tr
y

b
y

th
e

p
o
la
ri
z
a
ti
o
n
st
a
te
o
f
th
e
in
c
o
m
in
g
b
e
a
m

[3
0
].
A
d
d
it
io
n
a
ll
y
,

th
e
d
is
tr
ib
u
ti
o
n
s
o
f
s
x E
a
n
d
s
y E
d
e
p
ic
te
d
in
F
ig
s.
3
(c
)–
3
(d
)
a
re

d
ra
st
ic
a
ll
y
c
h
a
n
g
e
d
in

c
o
m
p
a
ri
so
n
to

th
e
ra
d
ia
ll
y
p
o
la
ri
z
e
d

b
e
a
m
.
T
h
e
x
c
o
m
p
o
n
e
n
t
o
f
th
e
e
le
c
tr
ic
sp
in

d
e
n
si
ty

is
v
e
ry

w
e
a
k
(i
t
h
a
s
n
o
n
z
e
ro

v
a
lu
e
s)

a
n
d
b
e
y
o
n
d
th
e
n
o
is
e
le
v
e
l

o
f
o
u
r
e
x
p
e
ri
m
e
n
ta
l
d
a
ta
.
H
o
w
e
v
e
r,
th
e
m
e
a
su
re
d
d
is
tr
ib
u
-

ti
o
n
o
f
s
y E
h
a
s
a
v
e
ry

g
o
o
d
o
v
e
rl
a
p
w
it
h
th
e
th
e
o
re
ti
c
a
l

p
re
d
ic
ti
o
n
.
In

c
o
n
tr
a
st

to
th
e

ra
d
ia
ll
y

p
o
la
ri
z
e
d

b
e
a
m

[s
e
e
F
ig
.
2
(d
)]
,
th
e
sp
in
n
in
g
d
ir
e
c
ti
o
n
s
o
f
th
e
e
le
c
tr
ic

fi
e
ld

to
th
e
le
ft
a
n
d
ri
g
h
t
o
f
th
e
o
p
ti
c
a
l
a
x
is

h
a
v
e
fl
ip
p
e
d
th
e
ir

si
g
n
s.

A
s
a
re
su
lt
,
th
e
d
is
tr
ib
u
ti
o
n
o
f
p
z s
;E

in
F
ig
.
3
(e
)

is
p
o
si
ti
v
e
o
n
th
e
o
p
ti
c
a
l
a
x
is
,
a
n
d
th
e
re
fo
re

p
a
ra
ll
e
l
to

th
e
c
a
n
o
n
ic
a
l
m
o
m
e
n
tu
m

[s
e
e
sk
e
tc
h
in

F
ig
.
3
(f
)]
.
T
h
is

d
e
m
o
n
st
ra
te
s
th
a
t
th
e
si
g
n
o
f
B
S
M
D

o
n
th
e
o
p
ti
c
a
l
a
x
is
is

li
n
k
e
d
to

th
e
sy
m
m
e
tr
y
a
n
d
p
o
la
ri
z
a
ti
o
n
d
is
tr
ib
u
ti
o
n
o
f
th
e

in
c
o
m
in
g
b
e
a
m
.

D
is
c
u
ss
io
n

a
n
d

c
o
n
c
lu
si
o
n
s—

In
th
is

L
e
tt
e
r,

w
e
h
a
v
e

m
e
a
su
re
d
th
e
sp
a
ti
a
l
d
is
tr
ib
u
ti
o
n
o
f
th
e
tr
a
n
sv
e
rs
e
c
o
m
p
o
-

n
e
n
ts
o
f
th
e
e
le
c
tr
ic

sp
in

d
e
n
si
ty

in
ti
g
h
tl
y
fo
c
u
se
d
v
e
c
to
r

b
e
a
m
s.

T
h
e
h
ig
h

re
so
lu
ti
o
n

o
f
th
e
n
a
n
o
p
ro
b
e
sc
a
n
n
in
g

m
e
a
su
re
m
e
n
t
p
e
rm

it
te
d

u
s

to
su
b
se
q
u
e
n
tl
y

re
c
o
n
st
ru
c
t

th
e
lo
n
g
it
u
d
in
a
l
e
le
c
tr
ic

c
o
m
p
o
n
e
n
t
o
f
B
e
li
n
fa
n
te
’s

sp
in

m
o
m
e
n
tu
m

d
e
n
si
ty
.
B
y
c
o
m
p
a
ri
n
g
ra
d
ia
ll
y
a
n
d
li
n
e
a
rl
y

p
o
la
ri
z
e
d
b
e
a
m
s,
b
o
th

c
o
m
m
o
n
ly

u
se
d
in

n
a
n
o
-o
p
ti
c
s
a
n
d

o
p
ti
c
a
l
tw
e
e
z
e
r
e
x
p
e
ri
m
e
n
ts
,
w
e

h
a
v
e

sh
o
w
n

th
a
t
th
e

tr
a
n
sv
e
rs
e
sp
in

d
e
n
si
ty

a
n
d
,
c
o
n
se
q
u
e
n
tl
y
,
B
S
M
D

c
a
n
b
e

tu
n
e
d
b
y
th
e
m
o
d
e
a
n
d
p
o
la
ri
z
a
ti
o
n
st
a
te

o
f
th
e
in
c
o
m
-

in
g
b
e
a
m
.

In
a
re
c
e
n
t
a
rt
ic
le
,
a
fu
ll
re
c
o
n
st
ru
c
ti
o
n
te
c
h
n
iq
u
e
o
f
fo
c
a
l

fi
e
ld
s
in

te
rm

s
o
f
th
e
a
m
p
li
tu
d
e
a
n
d
p
h
a
se

d
is
tr
ib
u
ti
o
n
s

o
f
th
e
e
le
c
tr
ic

fi
e
ld

c
o
m
p
o
n
e
n
ts
h
a
s
b
e
e
n
in
tr
o
d
u
c
e
d
[3
2
].

In
p
ri
n
c
ip
le
,
th
is

sc
h
e
m
e
a
ls
o
e
n
a
b
le
s
th
e
c
a
lc
u
la
ti
o
n
o
f

a
ll
c
o
m
p
o
n
e
n
ts
(e
le
c
tr
ic

a
n
d
m
a
g
n
e
ti
c
)
o
f
th
e
sp
in

d
e
n
si
ty

a
n
d

th
e
c
o
rr
e
sp
o
n
d
in
g

li
n
e
a
r
m
o
m
e
n
tu
m

d
e
n
si
ty

[1
–
3
].

N
e
v
e
rt
h
e
le
ss
,
it
re
q
u
ir
e
s
so
lv
in
g
a
c
o
m
p
le
x
se
t
o
f
e
q
u
a
ti
o
n
s

fr
o
m

w
h
ic
h
th
e
p
a
ra
m
e
te
rs

c
a
n
b
e
d
e
d
u
c
e
d
.
C
o
n
v
e
rs
e
ly
,

in
th
is
L
e
tt
e
r
w
e
h
a
v
e
sh
o
w
n
th
a
t
b
y
re
st
ri
c
ti
n
g
o
u
rs
e
lv
e
s

to
th
e
e
x
p
e
ri
m
e
n
ta
l
re
c
o
n
st
ru
c
ti
o
n
o
f
th
e
tr
a
n
sv
e
rs
e
c
o
m
-

p
o
n
e
n
t
o
f
th
e
e
le
c
tr
ic

sp
in

d
e
n
si
ty
,
ta
k
in
g
a
d
v
a
n
ta
g
e
o
f

d
ir
e
c
ti
o
n
a
l
sc
a
tt
e
ri
n
g
,
a
si
m
p
le

d
if
fe
re
n
c
e
si
g
n
a
l
m
e
a
su
re
-

m
e
n
t

in
th
e

fa
r

fi
e
ld

is
su
ff
ic
ie
n
t

fo
r

a
n

a
c
c
u
ra
te

h
ig
h
-r
e
so
lu
ti
o
n
d
e
te
rm

in
a
ti
o
n
o
f
th
e
lo
n
g
it
u
d
in
a
l
e
le
c
tr
ic

c
o
m
p
o
n
e
n
t
o
f
B
S
M
D
.
In

a
d
d
it
io
n
,
th
e
m
e
a
su
re
m
e
n
t
te
c
h
-

n
iq
u
e
c
a
n
a
ls
o
b
e
u
se
d
to

in
v
e
st
ig
a
te
fi
e
ld

d
is
tr
ib
u
ti
o
n
s
th
a
t

a
re

m
o
re

sp
a
ti
a
ll
y
e
x
te
n
d
e
d
.

F
IG

.
3
(c
o
lo
r)
.

(a
)
T
h
e
b
e
a
m

p
ro
fi
le

o
f
th
e
in
c
o
m
in
g
p
a
ra
x
ia
l

li
n
e
a
rl
y

p
o
la
ri
z
e
d

b
e
a
m
,
a
n
d

(b
)
th
e

re
sp
e
c
ti
v
e
th
e
o
re
ti
c
a
ll
y

c
a
lc
u
la
te
d
fo
c
a
l
d
is
tr
ib
u
ti
o
n
o
f
jE

to
tj
2
.
T
h
e
m
e
a
su
re
d
d
is
tr
ib
u
ti
o
n
s

o
f
s
x E
a
n
d
s
y E
(n
o
rm

a
li
z
e
d
to

th
e
ir
c
o
m
m
o
n
m
a
x
im

u
m

v
a
lu
e
)
a
re

d
e
p
ic
te
d
in

(c
)
a
n
d
(d
),

a
n
d
th
e
e
x
p
e
ri
m
e
n
ta
ll
y
re
c
o
n
st
ru
c
te
d

d
is
tr
ib
u
ti
o
n
o
f
p
z s
;E
(n
o
rm

a
li
z
e
d
to

it
s
m
a
x
im

u
m

v
a
lu
e
)
is
sh
o
w
n

in
(e
).

T
h
e
c
o
rr
e
sp
o
n
d
in
g
th
e
o
re
ti
c
a
ll
y
c
a
lc
u
la
te
d
d
is
tr
ib
u
ti
o
n
s

a
re

p
lo
tt
e
d
a
s
in
se
ts
.
A

si
d
e
v
ie
w

o
f
th
e
ti
g
h
tl
y
fo
c
u
se
d
b
e
a
m

p
ro
p
a
g
a
ti
n
g
in

th
e
z
d
ir
e
c
ti
o
n
(g
re
e
n
a
rr
o
w
)
is

sk
e
tc
h
e
d
in

(f
).

C
lo
c
k
w
is
e
a
n
d
c
o
u
n
te
rc
lo
c
k
w
is
e
tr
a
n
sv
e
rs
e
sp
in
n
in
g
o
f
th
e
lo
c
a
l

e
le
c
tr
ic

fi
e
ld

v
e
c
to
r
to

th
e
le
ft

a
n
d

ri
g
h
t
o
f
th
e
o
p
ti
c
a
l
a
x
is

(g
ra
y
a
rr
o
w
s)
y
ie
ld
s
a
p
a
ra
ll
e
l
p
z s
;E
(r
e
d
a
rr
o
w
)
o
n
th
e
o
p
ti
c
a
l
a
x
is
.

P
R
L
1
1
4
,
0
6
3
9
0
1
(2
0
1
5
)

P
H
Y
S
I
C
A
L

R
E
V
I
E
W

L
E
T
T
E
R
S

w
e
e
k
e
n
d
in
g

1
3
F
E
B
R
U
A
R
Y

2
0
1
5

0
6
3
9
0
1
-4

st
ro
n
g
lo
n
g
it
u
d
in
a
l
fi
e
ld
c
o
m
p
o
n
e
n
t
a
p
p
e
a
rs
in
th
e
c
e
n
te
r
o
f

th
e
fo
c
a
l
sp
o
t
[3
0
].
In

F
ig
s.
2
(c
)–
2
(d
)
th
e
m
e
a
su
re
d
tr
a
n
s-

v
e
rs
e
sp
in

d
e
n
si
ty

c
o
m
p
o
n
e
n
ts

s
x E
a
n
d
s
y E
a
re

d
e
p
ic
te
d
.

T
h
e
e
x
p
e
ri
m
e
n
ta
l
d
is
tr
ib
u
ti
o
n
s
e
x
h
ib
it
a
v
e
ry

g
o
o
d
o
v
e
rl
a
p

w
it
h
th
e
o
ry

(s
e
e
in
se
ts
)
d
e
m
o
n
st
ra
ti
n
g
th
e
h
ig
h
a
c
c
u
ra
c
y

o
f
th
e
m
e
a
su
re
m
e
n
t
a
p
p
ro
a
c
h
.
U
si
n
g

th
o
se

re
su
lt
s,

th
e

d
is
tr
ib
u
ti
o
n
o
f
p
z s
;E
is
re
c
o
n
st
ru
c
te
d
fr
o
m

th
e
e
x
p
e
ri
m
e
n
ta
l

d
a
ta

u
si
n
g
E
q
.
(3
)
[s
e
e
F
ig
.
2
(e
)]
.
T
h
e
c
o
m
p
a
ri
so
n
w
it
h

th
e
th
e
o
re
ti
c
a
l
d
is
tr
ib
u
ti
o
n
(s
e
e
in
se
t)
sh
o
w
s
a
v
e
ry

g
o
o
d

o
v
e
rl
a
p
a
s
w
e
ll
.
A
n
in
te
re
st
in
g
re
su
lt

is
th
a
t
B
S
M
D

is
n
e
g
a
ti
v
e
in

th
e
c
e
n
te
r
o
f
th
e
b
e
a
m
,
w
h
ic
h
im

p
li
e
s
th
a
t,
o
n

th
e
o
p
ti
c
a
l
a
x
is
,
B
S
M
D

is
a
n
ti
p
a
ra
ll
e
l
to

th
e
p
ro
p
a
g
a
ti
o
n

d
ir
e
c
ti
o
n
o
f
th
e
ra
d
ia
ll
y
p
o
la
ri
z
e
d
b
e
a
m

[s
e
e
si
d
e
v
ie
w

sk
e
tc
h

in
F
ig
.
2
(f
)]
.
A

si
m
il
a
r
e
ff
e
c
t
c
a
n

b
e

se
e
n

in
e
v
a
n
e
sc
e
n
t
w
a
v
e
s
o
r
su
rf
a
c
e
p
la
sm

o
n
p
o
la
ri
to
n
s
[5
,1
2
].

In
th
e
o
ry
,
th
e
m
a
g
n
e
ti
c
fi
e
ld

is
z
e
ro

o
n
th
e
o
p
ti
c
a
l
a
x
is

o
f
th
e
ti
g
h
tl
y
fo
c
u
se
d
ra
d
ia
ll
y
p
o
la
ri
z
e
d
b
e
a
m
,
b
e
c
a
u
se

o
f

th
e
a
z
im

u
th
a
l
sy
m
m
e
tr
y

o
f
th
e
m
a
g
n
e
ti
c
fi
e
ld

v
e
c
to
rs
.

A
c
c
o
rd
in
g
ly
,
th
e
li
n
e
a
r
m
o
m
e
n
tu
m

d
e
n
si
ty

p
is

z
e
ro

a
s

w
e
ll
.
F
o
r
th
is

re
a
so
n
,
th
e
e
le
c
tr
ic

c
o
m
p
o
n
e
n
t
o
f
B
S
M
D

m
u
st

h
a
v
e

e
x
a
c
tl
y

th
e

sa
m
e

v
a
lu
e

a
s

th
e

c
a
n
o
n
ic
a
l

m
o
m
e
n
tu
m
,
b
u
t
w
it
h
th
e
o
p
p
o
si
te

si
g
n
,
p
z s
;E
¼

−
p
z o
.
T
h
e

sp
in

m
o
m
e
n
tu
m

a
n
d
th
e
o
rb
it
a
l
m
o
m
e
n
tu
m

a
re

in
e
q
u
il
ib
-

ri
u
m

a
s
in
d
ic
a
te
d
b
y
th
e
sc
h
e
m
a
ti
c
s
in

F
ig
.
2
(f
).

A
s
a
n
e
x
a
m
p
le

fo
r
a
c
a
se

w
it
h
si
g
n
if
ic
a
n
tl
y
d
if
fe
re
n
t

d
is
tr
ib
u
ti
o
n
s
o
f
s
x E
,
s
y E
,
a
n
d
p
z s
;E
,
w
e
c
o
n
si
d
e
r
a
ti
g
h
tl
y

fo
c
u
se
d
li
n
e
a
rl
y
p
o
la
ri
z
e
d
b
e
a
m
.
A
sk
e
tc
h
o
f
th
e
in
c
o
m
in
g

p
a
ra
x
ia
l
b
e
a
m

is
d
e
p
ic
te
d
in

F
ig
.
3
(a
).
T
h
e
c
a
lc
u
la
te
d
fo
c
a
l

sp
o
t
in

F
ig
.
3
(b
)
sh
o
w
s
th
e
ty
p
ic
a
l
e
lo
n
g
a
te
d
d
is
tr
ib
u
ti
o
n

c
a
u
se
d

b
y

th
e
b
re
a
k
in
g

o
f
th
e
a
x
ia
l
sy
m
m
e
tr
y

b
y

th
e

p
o
la
ri
z
a
ti
o
n
st
a
te
o
f
th
e
in
c
o
m
in
g
b
e
a
m

[3
0
].
A
d
d
it
io
n
a
ll
y
,

th
e
d
is
tr
ib
u
ti
o
n
s
o
f
s
x E
a
n
d
s
y E
d
e
p
ic
te
d
in
F
ig
s.
3
(c
)–
3
(d
)
a
re

d
ra
st
ic
a
ll
y
c
h
a
n
g
e
d
in

c
o
m
p
a
ri
so
n
to

th
e
ra
d
ia
ll
y
p
o
la
ri
z
e
d

b
e
a
m
.
T
h
e
x
c
o
m
p
o
n
e
n
t
o
f
th
e
e
le
c
tr
ic
sp
in

d
e
n
si
ty

is
v
e
ry

w
e
a
k
(i
t
h
a
s
n
o
n
z
e
ro

v
a
lu
e
s)

a
n
d
b
e
y
o
n
d
th
e
n
o
is
e
le
v
e
l

o
f
o
u
r
e
x
p
e
ri
m
e
n
ta
l
d
a
ta
.
H
o
w
e
v
e
r,
th
e
m
e
a
su
re
d
d
is
tr
ib
u
-

ti
o
n
o
f
s
y E
h
a
s
a
v
e
ry

g
o
o
d
o
v
e
rl
a
p
w
it
h
th
e
th
e
o
re
ti
c
a
l

p
re
d
ic
ti
o
n
.
In

c
o
n
tr
a
st

to
th
e

ra
d
ia
ll
y

p
o
la
ri
z
e
d

b
e
a
m

[s
e
e
F
ig
.
2
(d
)]
,
th
e
sp
in
n
in
g
d
ir
e
c
ti
o
n
s
o
f
th
e
e
le
c
tr
ic

fi
e
ld

to
th
e
le
ft
a
n
d
ri
g
h
t
o
f
th
e
o
p
ti
c
a
l
a
x
is

h
a
v
e
fl
ip
p
e
d
th
e
ir

si
g
n
s.

A
s
a
re
su
lt
,
th
e
d
is
tr
ib
u
ti
o
n
o
f
p
z s
;E

in
F
ig
.
3
(e
)

is
p
o
si
ti
v
e
o
n
th
e
o
p
ti
c
a
l
a
x
is
,
a
n
d
th
e
re
fo
re

p
a
ra
ll
e
l
to

th
e
c
a
n
o
n
ic
a
l
m
o
m
e
n
tu
m

[s
e
e
sk
e
tc
h
in

F
ig
.
3
(f
)]
.
T
h
is

d
e
m
o
n
st
ra
te
s
th
a
t
th
e
si
g
n
o
f
B
S
M
D

o
n
th
e
o
p
ti
c
a
l
a
x
is
is

li
n
k
e
d
to

th
e
sy
m
m
e
tr
y
a
n
d
p
o
la
ri
z
a
ti
o
n
d
is
tr
ib
u
ti
o
n
o
f
th
e

in
c
o
m
in
g
b
e
a
m
.

D
is
c
u
ss
io
n

a
n
d

c
o
n
c
lu
si
o
n
s—

In
th
is

L
e
tt
e
r,

w
e
h
a
v
e

m
e
a
su
re
d
th
e
sp
a
ti
a
l
d
is
tr
ib
u
ti
o
n
o
f
th
e
tr
a
n
sv
e
rs
e
c
o
m
p
o
-

n
e
n
ts
o
f
th
e
e
le
c
tr
ic

sp
in

d
e
n
si
ty

in
ti
g
h
tl
y
fo
c
u
se
d
v
e
c
to
r

b
e
a
m
s.

T
h
e
h
ig
h

re
so
lu
ti
o
n

o
f
th
e
n
a
n
o
p
ro
b
e
sc
a
n
n
in
g

m
e
a
su
re
m
e
n
t
p
e
rm

it
te
d

u
s

to
su
b
se
q
u
e
n
tl
y

re
c
o
n
st
ru
c
t

th
e
lo
n
g
it
u
d
in
a
l
e
le
c
tr
ic

c
o
m
p
o
n
e
n
t
o
f
B
e
li
n
fa
n
te
’s

sp
in

m
o
m
e
n
tu
m

d
e
n
si
ty
.
B
y
c
o
m
p
a
ri
n
g
ra
d
ia
ll
y
a
n
d
li
n
e
a
rl
y

p
o
la
ri
z
e
d
b
e
a
m
s,
b
o
th

c
o
m
m
o
n
ly

u
se
d
in

n
a
n
o
-o
p
ti
c
s
a
n
d

o
p
ti
c
a
l
tw
e
e
z
e
r
e
x
p
e
ri
m
e
n
ts
,
w
e

h
a
v
e

sh
o
w
n

th
a
t
th
e

tr
a
n
sv
e
rs
e
sp
in

d
e
n
si
ty

a
n
d
,
c
o
n
se
q
u
e
n
tl
y
,
B
S
M
D

c
a
n
b
e

tu
n
e
d
b
y
th
e
m
o
d
e
a
n
d
p
o
la
ri
z
a
ti
o
n
st
a
te

o
f
th
e
in
c
o
m
-

in
g
b
e
a
m
.

In
a
re
c
e
n
t
a
rt
ic
le
,
a
fu
ll
re
c
o
n
st
ru
c
ti
o
n
te
c
h
n
iq
u
e
o
f
fo
c
a
l

fi
e
ld
s
in

te
rm

s
o
f
th
e
a
m
p
li
tu
d
e
a
n
d
p
h
a
se

d
is
tr
ib
u
ti
o
n
s

o
f
th
e
e
le
c
tr
ic

fi
e
ld

c
o
m
p
o
n
e
n
ts
h
a
s
b
e
e
n
in
tr
o
d
u
c
e
d
[3
2
].

In
p
ri
n
c
ip
le
,
th
is

sc
h
e
m
e
a
ls
o
e
n
a
b
le
s
th
e
c
a
lc
u
la
ti
o
n
o
f

a
ll
c
o
m
p
o
n
e
n
ts
(e
le
c
tr
ic

a
n
d
m
a
g
n
e
ti
c
)
o
f
th
e
sp
in

d
e
n
si
ty

a
n
d

th
e
c
o
rr
e
sp
o
n
d
in
g

li
n
e
a
r
m
o
m
e
n
tu
m

d
e
n
si
ty

[1
–
3
].

N
e
v
e
rt
h
e
le
ss
,
it
re
q
u
ir
e
s
so
lv
in
g
a
c
o
m
p
le
x
se
t
o
f
e
q
u
a
ti
o
n
s

fr
o
m

w
h
ic
h
th
e
p
a
ra
m
e
te
rs

c
a
n
b
e
d
e
d
u
c
e
d
.
C
o
n
v
e
rs
e
ly
,

in
th
is
L
e
tt
e
r
w
e
h
a
v
e
sh
o
w
n
th
a
t
b
y
re
st
ri
c
ti
n
g
o
u
rs
e
lv
e
s

to
th
e
e
x
p
e
ri
m
e
n
ta
l
re
c
o
n
st
ru
c
ti
o
n
o
f
th
e
tr
a
n
sv
e
rs
e
c
o
m
-

p
o
n
e
n
t
o
f
th
e
e
le
c
tr
ic

sp
in

d
e
n
si
ty
,
ta
k
in
g
a
d
v
a
n
ta
g
e
o
f

d
ir
e
c
ti
o
n
a
l
sc
a
tt
e
ri
n
g
,
a
si
m
p
le

d
if
fe
re
n
c
e
si
g
n
a
l
m
e
a
su
re
-

m
e
n
t

in
th
e

fa
r

fi
e
ld

is
su
ff
ic
ie
n
t

fo
r

a
n

a
c
c
u
ra
te

h
ig
h
-r
e
so
lu
ti
o
n
d
e
te
rm

in
a
ti
o
n
o
f
th
e
lo
n
g
it
u
d
in
a
l
e
le
c
tr
ic

c
o
m
p
o
n
e
n
t
o
f
B
S
M
D
.
In

a
d
d
it
io
n
,
th
e
m
e
a
su
re
m
e
n
t
te
c
h
-

n
iq
u
e
c
a
n
a
ls
o
b
e
u
se
d
to

in
v
e
st
ig
a
te
fi
e
ld

d
is
tr
ib
u
ti
o
n
s
th
a
t

a
re

m
o
re

sp
a
ti
a
ll
y
e
x
te
n
d
e
d
.

F
IG

.
3
(c
o
lo
r)
.

(a
)
T
h
e
b
e
a
m

p
ro
fi
le

o
f
th
e
in
c
o
m
in
g
p
a
ra
x
ia
l

li
n
e
a
rl
y

p
o
la
ri
z
e
d

b
e
a
m
,
a
n
d

(b
)
th
e

re
sp
e
c
ti
v
e
th
e
o
re
ti
c
a
ll
y

c
a
lc
u
la
te
d
fo
c
a
l
d
is
tr
ib
u
ti
o
n
o
f
jE

to
tj
2
.
T
h
e
m
e
a
su
re
d
d
is
tr
ib
u
ti
o
n
s

o
f
s
x E
a
n
d
s
y E
(n
o
rm

a
li
z
e
d
to

th
e
ir
c
o
m
m
o
n
m
a
x
im

u
m

v
a
lu
e
)
a
re

d
e
p
ic
te
d
in

(c
)
a
n
d
(d
),

a
n
d
th
e
e
x
p
e
ri
m
e
n
ta
ll
y
re
c
o
n
st
ru
c
te
d

d
is
tr
ib
u
ti
o
n
o
f
p
z s
;E
(n
o
rm

a
li
z
e
d
to

it
s
m
a
x
im

u
m

v
a
lu
e
)
is
sh
o
w
n

in
(e
).

T
h
e
c
o
rr
e
sp
o
n
d
in
g
th
e
o
re
ti
c
a
ll
y
c
a
lc
u
la
te
d
d
is
tr
ib
u
ti
o
n
s

a
re

p
lo
tt
e
d
a
s
in
se
ts
.
A

si
d
e
v
ie
w

o
f
th
e
ti
g
h
tl
y
fo
c
u
se
d
b
e
a
m

p
ro
p
a
g
a
ti
n
g
in

th
e
z
d
ir
e
c
ti
o
n
(g
re
e
n
a
rr
o
w
)
is

sk
e
tc
h
e
d
in

(f
).

C
lo
c
k
w
is
e
a
n
d
c
o
u
n
te
rc
lo
c
k
w
is
e
tr
a
n
sv
e
rs
e
sp
in
n
in
g
o
f
th
e
lo
c
a
l

e
le
c
tr
ic

fi
e
ld

v
e
c
to
r
to

th
e
le
ft

a
n
d

ri
g
h
t
o
f
th
e
o
p
ti
c
a
l
a
x
is

(g
ra
y
a
rr
o
w
s)
y
ie
ld
s
a
p
a
ra
ll
e
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Chiral quantum optics
Peter Lodahl1, Sahand Mahmoodian1, Søren Stobbe1, Arno Rauschenbeutel2, Philipp Schneeweiss2, Jürgen Volz2, 
Hannes Pichler3,4 & Peter Zoller3,4

T he canonical setting of quantum optics is that of a single photon  
interacting with a single quantum emitter1. This elementary 
process underlies the essential physics of many phenomena and 

applications, including photosynthesis, vision, photovoltaics, optical com-
munication and digital imaging. A central goal in quantum optics is to 
develop techniques for complete control of light–matter interaction at the 
level of single quanta, while decoherence by the surrounding environment 
is suppressed2,3. This quantum optics toolbox is the basis for disruptive 
applications in quantum communication and quantum-information pro-
cessing where quantum-enhanced security and speed-up is realized with 
the aid of genuine quantum features such as quantum superposition or 
entanglement. Developing new elements of the toolbox is the focus of 
ongoing research, with the overarching goal of being able to assemble 
complex quantum networks from basic elements4,5.

Chiral interfaces constitute an exciting new approach to quantum con-
trol of light–matter interaction. Here, the coupling between light and 
emitters depends on the propagation direction of light and the polari-
zation of the transition dipole moment of the emitter. Consequently, the 
photon–emitter interaction becomes non-reciprocal; that is, forward- and 
backward-propagating photons interact differently with the emitter and, 
in the most extreme case, photon emission and absorption become unidi-
rectional. Chiral coupling emerges naturally in nanophotonic structures 
such as photonic waveguides and nanofibres in which light is tightly trans-
versely confined. The coupling to the emitter can be so pronounced that 
the paradigmatic setting of a ‘one-dimensional quantum emitter’6 may be 
reached. The confinement introduces a link between local polarization 
and the propagation direction of light, which is a manifestation of optical 
spin–orbit coupling7–10. If such spin–momentum-locked light is coupled 
to quantum emitters with polarization-dependent dipole transitions, then 
direction-dependent emission, scattering and absorption of photons is 
obtained (Fig. 1a–c). These are the fundamental processes underpinning 
chiral quantum optics. On the basis of these effects, for example, nano-
photonic optical isolators and circulators can be controlled by individual 
quantum emitters and, therefore, operated in a quantum superposition.

Moreover, intriguing quantum many-body effects arise for an ensemble 
of chirally interfaced one-dimensional quantum emitters. Here, direc-
tional coupling between the emitters implies that a photon sent out from 
one emitter may be absorbed by a second emitter downstream, but not 

vice versa (Fig. 1d). Within the framework of chiral quantum optics, 
it also becomes possible to realize cascaded quantum systems2,3,11,12, 
whereby two entities are directionally coupled without information back-
flow. Unidirectional coupling has immediate applications in quantum 
information for achieving deterministic quantum state transfer between 
qubits via a chiral quantum channel. Non-reciprocal photon-mediated 
interaction between emitters also enables a whole new class of quantum 
many-body systems to be implemented, which are unconventional from 
the perspective of condensed-matter physics. Beyond interest in the phys-
ics of chiral photon–emitter coupling per se, this new paradigm of chiral 
quantum optics has deep conceptual and practical implications. In this 
Review, we outline the fundamental processes of chiral light–matter inter-
action, discuss the experimental state-of-the-art, and outline exciting new 
applications and research directions.

Physics of nanophotonic devices
Nanophotonic devices control and confine the flow of light at a length 
scale that is smaller than the optical wavelength (400–700 nm for visible  
light). Recent years have witnessed remarkable progress in the ability 
to design and fabricate nanophotonic structures that are now widely 
deployed in quantum optics to control light–matter interaction13. In 
many nanophotonic devices, light is strongly confined transversely, that 
is, in the plane orthogonal to the propagation direction. This generally 
leads to a longitudinal component of the electric field14. The longitudinal 
and transverse field components oscillate ± π /2 radians out of phase with 
each other, with the sign depending on the propagation direction of the 
light—forwards or backwards. The electric field is consequently ellipti-
cally polarized and, therefore, carries spin angular momentum, which has 
a transverse component15 in contrast to the situation of paraxial waves. 
For symmetry reasons, the transverse spin component flips sign with 
the inversion of propagation direction8–10 and the resultant locking of 
transverse spin and propagation direction is the precondition for chiral 
light–matter interaction. Similar behaviour can be obtained in a cavity 
that supports two degenerate modes of orthogonal circular polarization16; 
that is, spin–momentum locking of light can be emulated with a specially 
designed optical resonator. Conversely, in the waveguide geometry, the 
degeneracy of the forward- and backward-propagation modes is enforced 
by time-reversal symmetry. The properties of light in transversely  

Advanced photonic nanostructures are currently revolutionizing the optics and photonics that underpin applications 
ranging from light technology to quantum-information processing. The strong light confinement in these structures can 
lock the local polarization of the light to its propagation direction, leading to propagation-direction-dependent emission, 
scattering and absorption of photons by quantum emitters. The possibility of such a propagation-direction-dependent, 
or chiral, light–matter interaction is not accounted for in standard quantum optics and its recent discovery brought 
about the research field of chiral quantum optics. The latter offers fundamentally new functionalities and applications: 
it enables the assembly of non-reciprocal single-photon devices that can be operated in a quantum superposition of two 
or more of their operational states and the realization of deterministic spin–photon interfaces. Moreover, engineered 
directional photonic reservoirs could lead to the development of complex quantum networks that, for example, could 
simulate novel classes of quantum many-body systems.
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1020 Vienna, Austria. 3Institute for Theoretical Physics, University of Innsbruck, 6020 Innsbruck, Austria. 4Institute for Quantum Optics and Quantum Information of the Austrian Academy of 
Sciences, 6020 Innsbruck, Austria.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

NATURE PHOTONICS | VOL 9 | DECEMBER 2015 | www.nature.com/naturephotonics 789

In the beam of light emitted by a laser pointer, photons travel 
predominantly along one direction and the beam is therefore 
said to be collimated. The electric field carried by these photons 

is ‘transverse’ because it possesses essentially only two Cartesian 
components perpendicular to the direction of propagation. Vice 
versa, when light is focused by a lens with high numerical aperture 
(NA), the beam is no longer collimated and the photons carry an 
electric field that exhibits both transverse and longitudinal compo-
nents, the latter being parallel to the beam’s direction of propaga-
tion. Moreover, when the longitudinal electric field component is in 
quadrature (π/2 out of phase) with the transverse components, the 
light is elliptically polarized in the so-called meridional or propaga-
tion plane, which contains the beam’s axis of propagation. In this 
case, the electric field vector spins around an axis perpendicular to 
the meridional plane. Such circular motion is ultimately responsible 
for the main topic discussed in this paper: the transverse spin angu-
lar momentum (SAM) of light.

It has long been known in waveguide theory1 that electromag-
netic radiation may be generated with components of the electric and 
magnetic fields along the direction of propagation. Furthermore, it 
is also well-known that partial confinement, provided, for example, 
by diffraction gratings and metal surfaces, may lead to excitations of 
longitudinal evanescent/plasmonic waves2. However, it is perhaps 
less well-known that already in 1959, Richards and Wolf, in their 
celebrated studies about vectorial diffraction theory3, illustrated the 
occurrence of light with longitudinal electric and magnetic com-
ponents in the focal plane of an optical focusing system. They also 
showed that these longitudinal components oscillate phase-shifted 
by π/2 with respect to their transverse counterparts. Most impor-
tantly for today’s work, Richards and Wolf explicitly pointed out that 
at some points the polarization ellipse does not lie within the focal 
plane. This yields nonzero transverse components of the field’s SAM 
density, although this was not identified as such in their articles.

From a historical perspective, significant progress concerning 
the terminology and interpretation of light’s angular momentum 
(AM) was made in the 2000s4–7, accompanied by rising interest 
for the so-called spin-Hall effect of light8–17, the optical-beam ana-
logue of the eponymous electronic phenomenon18. However, it was 
only in 2009 that interest in the transverse (intrinsic) SAM of light 
and its role in different optical phenomena started to emerge19–22. 
Shortly afterwards, circular polarization in the propagation plane 

From transverse angular momentum to 
photonic wheels
Andrea Aiello1,2, Peter Banzer1,2,3*, Martin Neugebauer1,2 and Gerd Leuchs1,2,3

Scientists have known for more than a century that light possesses both linear and angular momenta along the direction of 
propagation. However, only recent advances in optics have led to the notion of spinning electromagnetic fields capable of carry-
ing angular momenta transverse to the direction of motion. Such fields enable numerous applications in nano-optics, biosens-
ing and near-field microscopy, including three-dimensional control over atoms, molecules and nanostructures, and allowing for 
the realization of chiral nanophotonic interfaces and plasmonic devices. Here, we report on recent developments of optics with 
light carrying transverse spin. We present both the underlying principles and the latest achievements, and also highlight new 
capabilities and future applications emerging from this young yet already advanced field of research.

of evanescent plane waves — a phenomenon described in the 
late 1970s23–25 — was identified as transverse SAM for the case of 
polariton surface waves26,27. Then, early in 2012 the occurrence of 
transverse SAM in strongly focused beams was predicted and dem-
onstrated28,29. Specifically, this was the first experimental demonstra-
tion29 of a freely propagating light beam carrying purely transverse 
AM resulting from transversely spinning electric fields.

At the theoretical level, further important insights on the trans-
verse SAM of light came from the works of Bliokh, Bekshaev, Nori 
and co-workers in Japan/Ukraine30,31, and Capasso and co-workers 
in the USA32. At the experimental level, notable work has been done 
by the Rauschenbeutel group in Austria33,34, Zayats and co-workers 
in the UK and Russia35,36, Martínez in Spain37, and Banzer, Aiello and 
co-workers in Germany38–40. Other important contributions to the 
understanding of transverse SAM came from Ebbesen, Genet and 
co-workers in Germany41–43, and Rikken and Mathevet in France44, 
following theoretical work by the Cohen group in the USA45. This 
short historical excursus would not be complete without mention-
ing fundamental contributions to the theoretical understanding of 
light with complex structures by Berry, Dennis and co-workers in 
the UK (see ref. 46 and references therein), and by Freund in Israel47.

In this paper we discuss recent developments and breakthroughs 
concerning theoretical descriptions, experimental implementa-
tions and applications of the transverse SAM of light across various 
optical systems.

Spin and orbital angular momentum of light
Light is electromagnetic radiation described by the celebrated 
Maxwell’s equations established in their definitive form more than 
a century ago. Physically admissible solutions to these equations are 
wavefields characterized by a number of conserved dynamical quan-
tities such as energy, the three components of linear momentum 
and the three components of AM. It is nowadays well-understood 
that there are two kinds of optical AM: SAM, which is possessed 
by light with circular polarization, as first suggested by Poynting in 
190948, and orbital AM (OAM). We distinguish between intrinsic 
OAM, which is manifested by light beams with a helical wavefront, 
as emphasized by Allen et al.49, and extrinsic OAM, which depends 
on the origin of the coordinate frame17.

The physical quantity most relevant to this article is the AM den-
sity j = jS + jO ≡ s + l where jS and jO denote the spin and orbital parts, 
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Light consists of electromagnetic waves that oscillate in time and 
propagate in space. Scalar waves are described by their intensity 
and phase distributions. These are the spatial (orbital) degrees of 

freedom common to all types of waves, both classical and quantum. 
In particular, a localized intensity distribution determines the posi-
tion of a wave beam or packet, whereas the phase gradient describes 
the propagation of a wave (that is, its wavevector or momentum). 
Importantly, electromagnetic waves are described by vector fields1. 
Light therefore also possesses intrinsic polarization degrees of free-
dom, which are associated with the directions of the electric and 
magnetic fields oscillating in time. In the quantum picture, the 
right- and left-hand circular polarizations, with the electric and 
magnetic fields rotating about the wavevector direction, correspond 
to two spin states of photons2.

Recently, there has been enormous interest in the spin–orbit 
interactions (SOI) of light3–6. These are striking optical phenomena 
in which the spin (circular polarization) affects and controls the 
spatial degrees of freedom of light; that is, its intensity distributions 
and propagation paths. The intrinsic SOI of light originate from the 
fundamental spin properties of Maxwell’s equations7,8 and, there-
fore, are analogous to the SOI of relativistic quantum particles2,9,10 
and electrons in solids11,12. As such, intrinsic SOI phenomena appear 
in all basic optical processes but, akin to the Planck-constant small-
ness of the electron SOI, they have a spatial scale of the order of 
the wavelength of light, which is small compared with macroscopic 
length scales.

Traditional ‘macroscopic’ geometrical optics can safely neglect 
the wavelength-scale SOI phenomena by treating the spatial and 
polarization properties of light separately. In particular, these 
degrees of freedom can be independently manipulated: by lenses or 
prisms, on the one hand, and polarizers or anisotropic waveplates, 
on the other. SOI phenomena come into play at the subwavelength 
scales of nano-optics, photonics and plasmonics. These areas of 
modern optics essentially deal with nonparaxial, structured light 
fields characterized by wavelength-scale inhomogeneities. The usual 
intuition of geometrical optics (based on the properties of scalar 
waves) does not work in such fields and should be substituted by 
the full-vector analysis of Maxwell waves. The SOI of light represent 
a new paradigm that provides physical insight and describes the 
behaviour of polarized light at subwavelength scales.

In the new reality of nano-optics, SOI phenomena have a two-fold 
importance. First, the coupling between the spatial and polarization 

Spin–orbit interactions of light
K. Y. Bliokh1,2*, F. J. Rodríguez-Fortuño3, F. Nori1,4 and A. V. Zayats3

Light carries both spin and orbital angular momentum. These dynamical properties are determined by the polarization and 
spatial degrees of freedom of light. Nano-optics, photonics and plasmonics tend to explore subwavelength scales and addi-
tional degrees of freedom of structured — that is, spatially inhomogeneous — optical fields. In such fields, spin and orbital 
properties become strongly coupled with each other. In this Review we cover the fundamental origins and important applica-
tions of the main spin–orbit interaction phenomena in optics. These include: spin-Hall effects in inhomogeneous media and at 
optical interfaces, spin-dependent effects in nonparaxial (focused or scattered) fields, spin-controlled shaping of light using 
anisotropic structured interfaces (metasurfaces) and robust spin-directional coupling via evanescent near fields. We show that 
spin–orbit interactions are inherent in all basic optical processes, and that they play a crucial role in modern optics.

properties must be taken into account in the analysis of any nano-
optical system. This is absolutely essential in the conception and 
design of modern optical devices. Second, the SOI of light can bring 
novel functionalities to optical nano-devices based on interactions 
between spin and orbital degrees of freedom. Indeed, SOI provide 
a robust, scalable and high-bandwidth toolbox for spin-controlled 
manipulations of light. Akin to semiconductor spintronics, SOI-
based photonics allows information to be encoded and retrieved 
using polarization degrees of freedom.

Below we overview the SOI of light in paraxial and nonparaxial 
fields, in both simple optical elements (planar interfaces, lenses, 
anisotropic plates, waveguides and small particles) and complex 
nano-structures (photonic crystals, metamaterials and plasmonics 
structures). We divide the numerous SOI phenomena into several 
classes based on the following most representative examples:

(1) A circularly polarized laser beam reflected or refracted at a 
planar interface (or medium inhomogeneity) experiences 
a transverse spin-dependent subwavelength shift. This is a 
manifestation of the spin-Hall effect of light13–20. This effect 
provides important evidence of the fundamental quantum 
and relativistic properties of photons16,18, and it causes specific 
polarization aberrations at any optical interface. Supplied with 
suitable polarimetric tools, it can be employed for precision 
metrology21,22.

(2) The focusing of circularly polarized light by a high-numeri-
cal-aperture lens, or scattering by a small particle, generates 
a spin-dependent optical vortex (that is, a helical phase) in 
the output field. This is an example of spin-to-orbital angu-
lar momentum conversion in nonparaxial fields23–31. Breaking 
the cylindrical symmetry of a nonparaxial field also produces 
spin-Hall effect shifts32–37. These features stem from funda-
mental angular-momentum properties of photons8,38, and they 
play an important role in high-resolution microscopy35, opti-
cal manipulations25,26,39, polarimetry of scattering media40,41 
and spin-controlled interactions of light with nano-elements or 
nano-apertures29,34,37,42,43.

(3) A similar spin-to-vortex conversion occurs when a paraxial 
beam propagates in optical fibres44 or anisotropic crystals45–47. 
Most importantly, properly designing anisotropic and inho-
mogeneous structures (for example, metasurfaces or liquid 
crystals) allows considerable enhancement of the SOI effects 
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SOI with the transverse spin AM 

One can also employ the transverse spin for the usual 
geometric-phase-related SOI phenomena: 
ARTICLE

Spin-orbit interaction of light induced by transverse
spin angular momentum engineering
Zengkai Shao1, Jiangbo Zhu 2, Yujie Chen 1, Yanfeng Zhang1 & Siyuan Yu1,2

The investigations on optical angular momenta and their interactions have broadened our

knowledge of light’s behavior at sub-wavelength scales. Recent studies further unveil the

extraordinary characteristics of transverse spin angular momentum in confined light fields

and orbital angular momentum in optical vortices. Here we demonstrate a direct interaction

between these two intrinsic quantities of light. By engineering the transverse spin in the

evanescent wave of a whispering-gallery-mode-based optical vortex emitter, a spin-orbit

interaction is observed in generated vortex beams. Inversely, this unconventional spin-orbit

interplay further gives rise to an enhanced spin-direction locking effect in which waveguide

modes are unidirectionally excited, with the directionality jointly controlled by the spin and

orbital angular momenta states of light. The identification of this previously unknown path-

way between the polarization and spatial degrees of freedom of light enriches the spin-orbit

interaction phenomena, and can enable various functionalities in applications such as com-

munications and quantum information processing.
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Light waves possess intrinsic spin and orbital angular
momentum (SAM and OAM), as determined by the polar-
ization and spatial degrees of freedom of light1–3. These two

components are separately observable in paraxial beams4–7,
whereas it is well known that fundamentally such a distinction is
difficult in light fields with high nonparaxiality and/or inhomo-
geneity8–11. In fact, spin-orbit interactions (SOIs) can be widely
observed in light through scattering or focusing12,13, propagation
in anisotropic/inhomogeneous media14,15, reflection/refraction at
optical interfaces16,17, etc. Notably, the spatial and polarization
properties of light are coupled and SOI phenomena must be
considered in modern optics dealing with sub-wavelength scale
systems, including nano-photonics and plasmonics18–22. A variety
of novel functionalities utilizing structured light and materials are
underpinned by SOI of light, e.g., optical micro-manipulations23,
high-resolution microscopy24, and beam shaping with planar
structures (metasurfaces)25.

On the other hand, the study of SOI over the past few years has
been accompanied by a rising interest in the transverse SAM of
light, which has been revealed by recent advances in optics as a
new member in the optical angular momentum (AM) family26–
29. In sharp contrast to the longitudinal SAM predicted by
Poynting1, the transverse SAM exhibits a spin axis orthogonal to
the propagation of light28,30. Transverse SAM can be typically
found in highly inhomogeneous light fields, including surface
plasmon polaritons26, evanescent waves of guided and unguided
modes22,28, and strongly focused beams31, where longitudinal
field components emerge due to the transversality of electro-
magnetic waves32. Light fields possessing transverse SAM can
enable various applications in bio-sensing, nano-photonics, etc.
More interestingly, transverse spin in evanescent waves also ori-
ginates from the SOI in laterally confined propagating modes11,
or can be interpreted as the quantum spin Hall effect (QSHE) of
light33–35, and thus gives rise to robust spin-controlled uni-
directional coupling at optical interfaces18,21,22,36–42. This extra-
ordinary characteristic of transverse SAM results in the breaking
of the directional symmetry in mode excitation at any interface

supporting evanescent waves, and can find applications in optical
diodes43, chiral spin networks44,45, etc.

The ability to simultaneously tailor light fields in the polar-
ization and spatial degrees of freedom via SOI phenomena has
allowed for new functionalities in structured light manipulation46.
Furthermore, combining SOI and transverse SAM control will
provide a more versatile platform for processing of light fields in
the full AM domain.

Here we present an enrichment of the SOI effects revealed by
the engineering of transverse spin in evanescent waves. Our
method evolves from a whispering-gallery mode (WGM)
resonator-based optical vortex emitter47,48. We show that the
engineering of transverse spin in the WGM evanescent waves
leads to the spin-to-orbital AM conversion in the emitted vor-
tices. This direct interaction between the transverse SAM and
intrinsic OAM of light provides a promising pathway toward
more sophisticated light manipulation via SOI phenomena. By
reversing the emission process, we further demonstrate direc-
tional coupling of optical vortices into this integrated photonic
circuitry, with the direction of the waveguide modes jointly
controlled by the incident spin and orbital AM states, realizing
the selective reception of vector vortices without separate polar-
ization and spatial phase manipulation. These results can be used
to bring novel functionalities to nano-photonic devices, e.g.,
encoding and retrieving photonic states in the SAM-OAM space,
and provide the guidelines for the design of a nano-photonic
chiral interface between traveling and bounded vector vortices.

Results
Transverse spin in optical vortex emitter. The schematic of the
platform for the investigation of transverse spin engineering-
based SOI is shown in Fig. 1a, where a single-transverse-mode
ring resonator is coupled with a two-port access waveguide and
embedded with periodic angular scatterers in the inner-sidewall
evanescent region of the waveguide. With the sub-wavelength
scatterers arranged in a second-order grating fashion, the dif-
fracted first-order light from the evanescent fields of WGMs
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Fig. 1 Illustration of the concepts. a Schematic of the platform for the investigation of transverse spin-induced SOI effect. b The clockwise (CW) and
counter-clockwise (CCW) WGMs present opposite transverse spins on each side of the resonator. c Illustration of the transverse-spin-dependent
geometric phase acquired by the vector evanescent wave as the WGM travels around the resonator. For the CCW WGM shown here, a rotation angle of
φ·z is experienced by the local coordinates from point (r′, φ′) to (r″, φ″), and the geometric phase imparted on the evanescent wave with a transverse-spin
state σ is ΦG=−σφ
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direction locking21,22. With the incidence of a polarization state
other than σin= ±1, however, light is coupled to the both ports
and the resultant ratio of P1 and P2 is determined by the relative
intensity of left- and right-hand CPs in the incident CVV. For
example, with the incident linear polarization (σin= 0) as an
equal superposition of two CPs, P1 and P2 show comparable
values (Fig. 7c). Moreover, the coupling strength is further subject
to the incident OAM state lin. For example, when measuring at
Port 2 with λres= 1578.61 nm (lres=+4) and σin=+1, a single
dominant P2 peak appears only at lin=+3 among all 11 states
(Fig. 7b), as predicted by the phase-matching condition lin= lres
− σin, while its counterpart P1 peak at the same λres (lres=−4)
can only be observed with incidence of 〈−1, −3〉 (Fig. 7d). As a
result of this spin-orbit-controlled coupling, the recorded power
with incidence of σin= σres explicitly presents the identity-matrix-
like distribution (Fig. 7b, d), while the arbitrary incidence of σin ≠
σres generally leads to a “cross” matrix superimposed by the two
identity matrices.

This highly directional and selective coupling, determined by
the spin and orbital AM state 〈σin, lin〉, is a higher-order
phenomenon with respect to the basic spin-controlled coupling
via evanescent waves, as both the spatial and polarization

properties of light must be taken into account. This effect allows
for a robust manipulation of light on the micron-scale using both
the spin and orbital degrees of freedom, e.g., encoding and
retrieving information, without the necessity of separate controls
on polarization and spatial phase profile.

Discussion
To sum up, we have identified and demonstrated the direct
interplay between the intrinsic OAM and the transverse spin of
light. This SOI effect originates from the manipulation of local
transverse-spin-dependent geometric phase by artificially intro-
ducing a closed-loop waveguide and sub-wavelength scatterers
with rotational symmetry. Engineering the local transverse spin
by tailoring waveguide dimensions then controls the global spin-
to-orbital conversion in the generated optical vortices.

Our results have both fundamental and applied importance.
The interaction between the intrinsic OAM and transverse spin of
light is an integral but thus far missing part of the rich SOI
phenomena. The phenomenon discovered here builds one more
pathway between the polarization and spatial degrees of freedom
of light, which could provide nano-photonic technologies with
additional tools of light manipulation at the sub-wavelength scale
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Fig. 6 Characterization of OAM components in CVVs. a–d The measured OAM spectra for the devices WG6–8, WG6–10, WG6–12, and WG6–14, respectively.
For each device, the wavelengths of lTC=−5 to +5 are considered, and each column represents a spectrum of measured OAM components with the
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SOI with the transverse spin AM 

One can also employ the transverse spin for the usual 
geometric-phase-related SOI phenomena: 

and of information transfer over more degrees of freedom. The
resulting effects, e.g., the variable superposition of spin-orbit
states in optical vortices, may find applications in optical quan-
tum information processing. The spin-orbit jointly controlled
directional coupling can be used to operate on the eigenstates
involving both AM components, so that the device considered
here can be regarded as a prototype of a planar spin-orbit-
controlled gate that interfaces propagating and bounded photons
of two-dimensional entanglement. Better performance (e.g.,
power efficiency and AM state purity) can be brought about by
further device design and optimization. The demonstrated
interaction should also exist in other systems that support eva-
nescent modes, including surface plasmon polaritons, which can
significantly miniaturize the elements.

Methods
Numerical simulation of transverse-spin state. The transverse-spin state in the
evanescent wave of micro-ring WGMs is numerically evaluated with a FDE solver
(Lumerical Solutions, Inc.). First, the resonance of the two cylindrical field com-
ponents (Er and Eφ) around one grating region is calculated, assuming a SiNx ring
resonator of R= 80 µm (air cladding and SiO2 substrate) and the WGM excited by

injection from Port 1. Then, the power (Prr and Pφφ) of scattered fields (Err and
Eφφ) is calculated by numerically integrating the intensities of Er and Eφ, respec-
tively, over the grating region, and thus the ratio of the two components κ= iEφφ/
Err= (Pφφ/Prr)0.5. Subsequently, the transverse-spin state is evaluated using its
dependence on this ratio (see Supplementary Note 3)

σ ¼ " 2κ
1þ κ2

Fabrication. The SiNx waveguide layers are first deposited on a 5-μm oxidized
<100> silicon wafer using inductively coupled plasma chemical vapor deposition
system (Plasmalab System 100 ICP180, Oxford). The device structures are defined
in a 450-nm-thick negative resist using electron-beam lithography (EBPG5000 ES,
Vistec). Reactive-ion-etch (RIE, Plasmalab System 100 RIE180, Oxford Instru-
ments) with a mixture of CHF3 and O2 gases is applied to etch through the
waveguide layer to form the device. An inverse taper combined with a SU8
waveguide is used as the coupler between external optical fiber and the access
waveguide.

Experimental setups. Experimental setups for device characterizations (including
polarization ellipticity and Stokes polarimetry), SOI measurement, and spin-orbit-
controlled unidirectional coupling are shown and explained in Supplementary
Notes 7 and 10.
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Fig. 7 Proof-of-principle demonstration of spin-orbit jointly controlled unidirectional coupling of waveguide modes. a Schematic of platform for receiving
CVVs via spin-orbit unidirectional coupling effect. For devices of unity transverse-spin states in the evanescent region (σres= ±1), the propagation direction
of coupled light in the waveguide, or the ratio of received power at the two ports P1/P2, is first subject to the sign of incident SAM state, sgn(σin).
Meanwhile, at a given wavelength (λres), the incident spin-orbit states 〈σin, lin〉 must obey the phase-matching condition lin+ σin= lres for high-efficiency
coupling. b–d Received power at Port 1 (P1, blue bars) and Port 2 (P2, red bars) of device WG4–10 when the SAM state of incident wave σin=+1, 0, and −1,
respectively. For each σin, CVVs at 5 resonance wavelengths of WG4–10 (1578.61, 1583.11, 1587.59, 1592.11, and 1596.66 nm) and 11 OAM states (lin=−5,
−4, …, and+5) are illuminated on the device. At these five wavelengths, the CVVs emitted from the device would carry the topological charges of lres= ±4,
±2, 0, ∓2, ∓4, respectively, when injecting light into Port 1 (2), as marked in blue (red) on the lres axis in b–d. All measured power has been calibrated with
respect to the lensed fiber coupling loss (Supplementary Note 10), and all data are normalized to the highest value in each lres group
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Light consists of electromagnetic waves that oscillate in time and 
propagate in space. Scalar waves are described by their intensity 
and phase distributions. These are the spatial (orbital) degrees of 

freedom common to all types of waves, both classical and quantum. 
In particular, a localized intensity distribution determines the posi-
tion of a wave beam or packet, whereas the phase gradient describes 
the propagation of a wave (that is, its wavevector or momentum). 
Importantly, electromagnetic waves are described by vector fields1. 
Light therefore also possesses intrinsic polarization degrees of free-
dom, which are associated with the directions of the electric and 
magnetic fields oscillating in time. In the quantum picture, the 
right- and left-hand circular polarizations, with the electric and 
magnetic fields rotating about the wavevector direction, correspond 
to two spin states of photons2.

Recently, there has been enormous interest in the spin–orbit 
interactions (SOI) of light3–6. These are striking optical phenomena 
in which the spin (circular polarization) affects and controls the 
spatial degrees of freedom of light; that is, its intensity distributions 
and propagation paths. The intrinsic SOI of light originate from the 
fundamental spin properties of Maxwell’s equations7,8 and, there-
fore, are analogous to the SOI of relativistic quantum particles2,9,10 
and electrons in solids11,12. As such, intrinsic SOI phenomena appear 
in all basic optical processes but, akin to the Planck-constant small-
ness of the electron SOI, they have a spatial scale of the order of 
the wavelength of light, which is small compared with macroscopic 
length scales.

Traditional ‘macroscopic’ geometrical optics can safely neglect 
the wavelength-scale SOI phenomena by treating the spatial and 
polarization properties of light separately. In particular, these 
degrees of freedom can be independently manipulated: by lenses or 
prisms, on the one hand, and polarizers or anisotropic waveplates, 
on the other. SOI phenomena come into play at the subwavelength 
scales of nano-optics, photonics and plasmonics. These areas of 
modern optics essentially deal with nonparaxial, structured light 
fields characterized by wavelength-scale inhomogeneities. The usual 
intuition of geometrical optics (based on the properties of scalar 
waves) does not work in such fields and should be substituted by 
the full-vector analysis of Maxwell waves. The SOI of light represent 
a new paradigm that provides physical insight and describes the 
behaviour of polarized light at subwavelength scales.

In the new reality of nano-optics, SOI phenomena have a two-fold 
importance. First, the coupling between the spatial and polarization 

Spin–orbit interactions of light
K. Y. Bliokh1,2*, F. J. Rodríguez-Fortuño3, F. Nori1,4 and A. V. Zayats3

Light carries both spin and orbital angular momentum. These dynamical properties are determined by the polarization and 
spatial degrees of freedom of light. Nano-optics, photonics and plasmonics tend to explore subwavelength scales and addi-
tional degrees of freedom of structured — that is, spatially inhomogeneous — optical fields. In such fields, spin and orbital 
properties become strongly coupled with each other. In this Review we cover the fundamental origins and important applica-
tions of the main spin–orbit interaction phenomena in optics. These include: spin-Hall effects in inhomogeneous media and at 
optical interfaces, spin-dependent effects in nonparaxial (focused or scattered) fields, spin-controlled shaping of light using 
anisotropic structured interfaces (metasurfaces) and robust spin-directional coupling via evanescent near fields. We show that 
spin–orbit interactions are inherent in all basic optical processes, and that they play a crucial role in modern optics.

properties must be taken into account in the analysis of any nano-
optical system. This is absolutely essential in the conception and 
design of modern optical devices. Second, the SOI of light can bring 
novel functionalities to optical nano-devices based on interactions 
between spin and orbital degrees of freedom. Indeed, SOI provide 
a robust, scalable and high-bandwidth toolbox for spin-controlled 
manipulations of light. Akin to semiconductor spintronics, SOI-
based photonics allows information to be encoded and retrieved 
using polarization degrees of freedom.

Below we overview the SOI of light in paraxial and nonparaxial 
fields, in both simple optical elements (planar interfaces, lenses, 
anisotropic plates, waveguides and small particles) and complex 
nano-structures (photonic crystals, metamaterials and plasmonics 
structures). We divide the numerous SOI phenomena into several 
classes based on the following most representative examples:

(1) A circularly polarized laser beam reflected or refracted at a 
planar interface (or medium inhomogeneity) experiences 
a transverse spin-dependent subwavelength shift. This is a 
manifestation of the spin-Hall effect of light13–20. This effect 
provides important evidence of the fundamental quantum 
and relativistic properties of photons16,18, and it causes specific 
polarization aberrations at any optical interface. Supplied with 
suitable polarimetric tools, it can be employed for precision 
metrology21,22.

(2) The focusing of circularly polarized light by a high-numeri-
cal-aperture lens, or scattering by a small particle, generates 
a spin-dependent optical vortex (that is, a helical phase) in 
the output field. This is an example of spin-to-orbital angu-
lar momentum conversion in nonparaxial fields23–31. Breaking 
the cylindrical symmetry of a nonparaxial field also produces 
spin-Hall effect shifts32–37. These features stem from funda-
mental angular-momentum properties of photons8,38, and they 
play an important role in high-resolution microscopy35, opti-
cal manipulations25,26,39, polarimetry of scattering media40,41 
and spin-controlled interactions of light with nano-elements or 
nano-apertures29,34,37,42,43.

(3) A similar spin-to-vortex conversion occurs when a paraxial 
beam propagates in optical fibres44 or anisotropic crystals45–47. 
Most importantly, properly designing anisotropic and inho-
mogeneous structures (for example, metasurfaces or liquid 
crystals) allows considerable enhancement of the SOI effects 
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Beam shifts at an anisortopic plate 

The Goos-Hänchen and spin-Hall beam shifts are caused 
by the varying wavevectors orientation with respect to the 
normal to the interface. Changing the propagation 
direction of the beam is crucial for these phenomena. 
 
Remarkably, entirely similar phenomena appear without 
changing the beam propagation direction, in the 
transmission through an anisotropic wave plate.  
There, the wavevector orientation varies with respect to 
                                the anisotropy axis. 

birefringence of a calcite plate has been known since the 17th
century [27], while here we demonstrate a circular birefringence
of such a crystal in the orthogonal direction. Notably, the well-
known linear birefringence and novel circular birefringence
exhibit a close similarity with the Goos–Hänchen (GH) and
IF beam shifts in the reflection/refraction of light at isotropic in-
terfaces. We provide experimental measurements of this effect us-
ing a standard half-wave plate tilted with respect to the laser beam.

The spin-Hall shift in the transmission of light through a
uniaxial-crystal plate has the same order of magnitude as the IF
beam shifts, i.e., a fraction of the wavelength. We use polarimetric
techniques [28] to characterize the circular-polarization splitting
and shifts of the transmitted beam. We also amplify the effect to
the beam-width scale, using the “quantum weak measurement”
approach [29–32]. This method was previously employed to am-
plify the usual linear birefringence of uniaxial crystals [33,34]
and IF beam shifts at isotropic interfaces [22,35–41].

2. GAUSSIAN BEAM TRANSMITTED THROUGH A
UNIAXIAL CRYSTAL PLATE

To begin with, we consider polarized paraxial Gaussian beams
propagating along the z-axis in free space. The beam represents

a superposition of multiple plane waves (spatial Fourier harmon-
ics) with close wave vectors:

k ! kz z̄" kx x̄ " ky ȳ ≃ k
!
1 −

Θ2

2

"
z̄" kΘx x̄ " kΘy ȳ; (1)

where k is the wave number; x̄, ȳ, and z̄ are the unit vectors of the
corresponding axes; while Θ ! #Θx ;Θy$ and Θ2 ! Θ2

x " Θ2
y ≪

1 are small angles of the wave vector with respect to the z axis in
the x − z and y − z planes (see Fig. 1). The Fourier (momentum)
representation of the transverse electric field of the Gaussian beam
can be written as [21,23,24]

Ẽ⊥#Θ$ ∝
!
α
β

"
exp

#
−#kw0$2

Θ2

4

$
; (2)

where
%
α
β

&
is the normalized Jones vector of the wave polariza-

tion in the #x; y$ basis, jαj2 " jβj2 ! 1, and w0 is the beam waist.
Performing the Fourier transform of Eq. (2), we obtain the trans-
verse beam field in the real-space representation:

E⊥#R$ ∝
Z

Ẽ⊥#Θ$eik·rd2Θ ∝
!
α
β

"
exp

#
−
R2

w2
0

$
: (3)

Here d 2Θ ! dΘxdΘy, R ! #x; y$, R2 ! x2 " y2 is the trans-
verse radius vector, and, for simplicity, we calculated the beam
at the waist plane E⊥#R$≡E⊥#r$jz!0. The transition between
the momentum [Eq. (2)] and real-space [Eq. (3)] representations
of the beam can be realized using the stationary-phase asymptotics
at the stationary point Θs#R$ ! iR∕zR : E⊥#R$ ! Ẽ⊥%Θs#R$&,
where zR ! kw2

0∕2 is the Rayleigh range.
Now, let us consider the transmission of the Gaussian beam

[Eqs. (1)–(3)] through a thin uniaxial-crystal (e.g., calcite or
quartz) plate. The beam still propagates along the z-axis, whereas
the anisotropy axis of the plate lies in the x − z plane at the angle
−ϑ with respect to the z-axis (Fig. 1). It is well known that the
crystal plate induces linear birefringence between the ordinary #o$
and extraordinary #e$ polarization modes, which propagate with
slightly different phase velocities. For the central plane wave in the
beam, Θ ! 0, the extraordinary and ordinary modes correspond

Table 1. Basic Spin–Orbit Interaction Effects, Spin-to-
Orbital Angular Momentum Conversion, and Spin-Hall
Effect, in Inhomogeneous Isotropic and Anisotropic
Homogeneous Systemsa

Spin-to-Orbital
AM Conversion

Spin-Hall Effect
for Paraxial Beams

Inhomogeneity Focusing/scattering in
cylindrically symmetric

systems [5–14]

Reflection/refraction
at a plane interface
(IF shift) [20–24]

Anisotropy Propagation along the
optical axis in a uniaxial

crystal [25,26]

Transmission through
a uniaxial-crystal plate
with a tilted optical axis

aThe present work completes this table by the text in italic at bottom right.

Fig. 1. Schematics of the transmission of a paraxial beam through a tilted uniaxial-crystal plate. (a) General 3D geometry of the problem with the angle
ϑ between the anisotropy axis of the plate and the beam axis z. The small angles Θ ! #Θx ;Θy$ determine the directions of the wave vectors k in the
incident beam. (b) The in-plane Θx deflections of the wave vectors change the angle between k and the anisotropy axis and result in the well-known
birefringence shift hX i, analogous to the GH shift [24]. (c) The view along the anisotropy axis of the crystal is shown. The transverse Θy deflections of the
wave vectors rotate the corresponding planes of the wave propagation with respect to the anisotropy axis by the angle ϕ ≃ Θy∕ sin ϑ. This causes a new
helicity-dependent transverse shift hY i, i.e., a circular birefringence or spin-Hall effect similar to the IF shift [20–24].
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Spin-Hall effect and circular birefringence of a
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The linear birefringence of uniaxial crystal plates has been known since the 17th century, and it is widely used in
numerous optical setups and devices. Here we demonstrate, both theoretically and experimentally, the fine lateral
circular birefringence of such crystal plates. We show that this effect is a novel example of the spin-Hall effect of
light, i.e., a transverse spin-dependent shift of the paraxial light beam transmitted through the plate. The well-known
linear birefringence and the new circular birefringence form an interesting analogy with the Goos–Hänchen and
Imbert–Fedorov beam shifts that appear in the light reflection at a dielectric interface. We report experimental
observation of the effect in a remarkably simple system of a tilted half-wave plate and polarizers using polarimetric
and quantum-weak-measurement techniques for beam-shift measurements. In view of much recent interest in
spin–orbit interaction phenomena, our results could find applications in modern polarization optics and nanopho-
tonics. © 2016 Optical Society of America

OCIS codes: (260.0260) Physical optics; (260.5430) Polarization; (260.1440) Birefringence.
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1. INTRODUCTION

Spin–orbit interactions (SOIs) of light have attracted ever-growing
interest during the past decade [1,2]. Because of their fundamental
origin and generic character, SOI phenomena have become inher-
ent in the areas of nano-optics, singular optics, photonics, and
metamaterials. Indeed, SOIs manifest themselves in the most basic
optical processes—propagation, reflection, diffraction, scattering,
focusing, etc.—as soon as these processes are carefully considered
at subwavelength scales. In this work, we describe a novel spin–
orbit phenomenon that occurs in a very simple and thoroughly
studied optical system, namely, a thin uniaxial-crystal plate.

The majority of SOI effects originate from space- or
wavevector-variant geometric phases and result in spin-dependent
redistribution of light intensity [1]. First, when the system has
cylindrical symmetry with respect to the z-axis, SOIs produce
spin-to-orbital angular momentum conversion, i.e., generation
of a spin-dependent vortex in the z-propagating light [3–14].
Second, if the cylindrical symmetry is broken, say, along the
x-direction, SOIs bring about the spin-Hall effect of light, i.e., a
spin-dependent transverse y-shift of light intensity [12–24]. An
example of the latter effect is the so-called transverse Imbert–
Fedorov (IF) beam shift, which occurs when a paraxial optical
beam is reflected or refracted at a plane interface [20–24].

The two factors that typically induce the SOI effects, are (i) the
medium’s inhomogeneity, which changes the direction of propaga-
tion of light, and (ii) the anisotropy, which induces a phase
difference between two polarization components of light [1].
Table 1 summarizes the above two types of SOI effects in inho-
mogeneous (but isotropic) and anisotropic (but homogeneous)
systems. For instance, the radial inhomogeneity in cylindrically
symmetric focusing or scattering systems results in spin-to-orbital
angular momentum conversion [5–14], and a very similar effect
appears in the paraxial light propagation along the optical axis in
cylindrically symmetric anisotropic media [25,26]. As we men-
tioned above, the simplest example of the spin-Hall effect occurs
in the reflection or refraction of light at a sharp inhomogeneity of
an isotropic optical interface [20–24]. Then, what is the counter-
part of this phenomenon for the paraxial light propagating in an
anisotropic medium?

In this paper, we demonstrate, both theoretically and experi-
mentally, that the spin-Hall effect of light and the transverse spin-
dependent beam shift appears in the light transmission through a
uniaxial crystal plate (such as wave plates routinely used in optics)
with a tilted anisotropy axis. This new type of spin-Hall effect is
quite surprising for traditional optics, because it implies weak
circular birefringence of a uniaxial crystal plate. Indeed, the linear

2334-2536/16/101039-09 Journal © 2016 Optical Society of America
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birefringence of a calcite plate has been known since the 17th
century [27], while here we demonstrate a circular birefringence
of such a crystal in the orthogonal direction. Notably, the well-
known linear birefringence and novel circular birefringence
exhibit a close similarity with the Goos–Hänchen (GH) and
IF beam shifts in the reflection/refraction of light at isotropic in-
terfaces. We provide experimental measurements of this effect us-
ing a standard half-wave plate tilted with respect to the laser beam.

The spin-Hall shift in the transmission of light through a
uniaxial-crystal plate has the same order of magnitude as the IF
beam shifts, i.e., a fraction of the wavelength. We use polarimetric
techniques [28] to characterize the circular-polarization splitting
and shifts of the transmitted beam. We also amplify the effect to
the beam-width scale, using the “quantum weak measurement”
approach [29–32]. This method was previously employed to am-
plify the usual linear birefringence of uniaxial crystals [33,34]
and IF beam shifts at isotropic interfaces [22,35–41].

2. GAUSSIAN BEAM TRANSMITTED THROUGH A
UNIAXIAL CRYSTAL PLATE

To begin with, we consider polarized paraxial Gaussian beams
propagating along the z-axis in free space. The beam represents

a superposition of multiple plane waves (spatial Fourier harmon-
ics) with close wave vectors:

k ! kz z̄" kx x̄ " ky ȳ ≃ k
!
1 −

Θ2

2

"
z̄" kΘx x̄ " kΘy ȳ; (1)

where k is the wave number; x̄, ȳ, and z̄ are the unit vectors of the
corresponding axes; while Θ ! #Θx ;Θy$ and Θ2 ! Θ2

x " Θ2
y ≪

1 are small angles of the wave vector with respect to the z axis in
the x − z and y − z planes (see Fig. 1). The Fourier (momentum)
representation of the transverse electric field of the Gaussian beam
can be written as [21,23,24]

Ẽ⊥#Θ$ ∝
!
α
β

"
exp

#
−#kw0$2

Θ2

4

$
; (2)

where
%
α
β

&
is the normalized Jones vector of the wave polariza-

tion in the #x; y$ basis, jαj2 " jβj2 ! 1, and w0 is the beam waist.
Performing the Fourier transform of Eq. (2), we obtain the trans-
verse beam field in the real-space representation:

E⊥#R$ ∝
Z

Ẽ⊥#Θ$eik·rd2Θ ∝
!
α
β

"
exp

#
−
R2

w2
0

$
: (3)

Here d 2Θ ! dΘxdΘy, R ! #x; y$, R2 ! x2 " y2 is the trans-
verse radius vector, and, for simplicity, we calculated the beam
at the waist plane E⊥#R$≡E⊥#r$jz!0. The transition between
the momentum [Eq. (2)] and real-space [Eq. (3)] representations
of the beam can be realized using the stationary-phase asymptotics
at the stationary point Θs#R$ ! iR∕zR : E⊥#R$ ! Ẽ⊥%Θs#R$&,
where zR ! kw2

0∕2 is the Rayleigh range.
Now, let us consider the transmission of the Gaussian beam

[Eqs. (1)–(3)] through a thin uniaxial-crystal (e.g., calcite or
quartz) plate. The beam still propagates along the z-axis, whereas
the anisotropy axis of the plate lies in the x − z plane at the angle
−ϑ with respect to the z-axis (Fig. 1). It is well known that the
crystal plate induces linear birefringence between the ordinary #o$
and extraordinary #e$ polarization modes, which propagate with
slightly different phase velocities. For the central plane wave in the
beam, Θ ! 0, the extraordinary and ordinary modes correspond

Table 1. Basic Spin–Orbit Interaction Effects, Spin-to-
Orbital Angular Momentum Conversion, and Spin-Hall
Effect, in Inhomogeneous Isotropic and Anisotropic
Homogeneous Systemsa

Spin-to-Orbital
AM Conversion

Spin-Hall Effect
for Paraxial Beams

Inhomogeneity Focusing/scattering in
cylindrically symmetric

systems [5–14]

Reflection/refraction
at a plane interface
(IF shift) [20–24]

Anisotropy Propagation along the
optical axis in a uniaxial

crystal [25,26]

Transmission through
a uniaxial-crystal plate
with a tilted optical axis

aThe present work completes this table by the text in italic at bottom right.

Fig. 1. Schematics of the transmission of a paraxial beam through a tilted uniaxial-crystal plate. (a) General 3D geometry of the problem with the angle
ϑ between the anisotropy axis of the plate and the beam axis z. The small angles Θ ! #Θx ;Θy$ determine the directions of the wave vectors k in the
incident beam. (b) The in-plane Θx deflections of the wave vectors change the angle between k and the anisotropy axis and result in the well-known
birefringence shift hX i, analogous to the GH shift [24]. (c) The view along the anisotropy axis of the crystal is shown. The transverse Θy deflections of the
wave vectors rotate the corresponding planes of the wave propagation with respect to the anisotropy axis by the angle ϕ ≃ Θy∕ sin ϑ. This causes a new
helicity-dependent transverse shift hY i, i.e., a circular birefringence or spin-Hall effect similar to the IF shift [20–24].

Research Article Vol. 3, No. 10 / October 2016 / Optica 1040



Spin-Hall effect at uniaxial wave plates 

Then, using the “state Jones vector” jψi !
!
α
β

"
of the incident

beam, and the corresponding state vector of the transmitted

beam, jψ 0i ! M̂ 0jψi !
! e−iΦ0∕2α
eiΦ0∕2β

"
, hψ 0jψ 0i ! hψ jψi ! 1,

we calculate the x- and y- shifts of the transmitted-beam centroid
as the expectation values of operators [Eq. (10)]:

hX i ! hψ 0jX̂ jψ 0i ! τ
1

2k
dΦ0

dϑ
; (11)

hY i ! hψ 0jŶ jψ 0i !
cot ϑ
k

"−σ#1 − cosΦ0$ % χ sinΦ0&: (12)

Here we used Eq. (6) and introduced the normalized Stokes
parameters of the incident-beam polarization:

τ! jαj2 − jβj2; χ ! 2Re#α'β$; σ ! 2 Im#α'β$: (13)

These parameters describe the degrees of extraordinary/
ordinary, diagonal ( 45° linear, and right-/left-hand circular
polarizations, respectively.

The polarization-dependent beam shifts hX i and hY i are
counterparts of the GH and IF shifts in the total internal reflec-
tion from an isotropic dielectric interface [24]. First, the analogue
of the GH shift, Eq. (11), describes the usual linear birefringence
between the ordinary and extraordinary rays. Here it is written in
the form of the Artmann formula [24]. Such a phase-gradient
form of the birefringence shift was recently employed for a
fine weak-measurement detection of the “photons trajectories,”
i.e., streamlines of the optical momentum density [42,43]. Note
that the experiment reported in [42] was set such that
Φ0 ! 0mod 2π, and the transverse effect in Eqs. (6) and (12)
vanished: Ye;o ! hY i ! 0.

Second, the transverse shift [Eq. (12)] is the anisotropic
counterpart of the IF shift or the spin Hall effect of light, and
it is the central subject of our study. This transverse shift shows
a new transverse birefringence of a uniaxial crystal plate, which
is now caused by the finite size of the beam and is proportional
to the −σ#1 − cosΦ0$ % χ sinΦ0 polarization parameter. For

Φ0 ! πmod 2π this becomes purely circular birefringence,
i.e., pure spin-Hall effect of light. Remarkably, this effect occurs
already in the simplest anisotropic wave plates routinely used in
optical setups but now tilted with respect to the beam propagation
(for the normal incidence, the optical axis is orthogonal to the
z-axis, ϑ ! π∕2, and the effect vanishes: Yo;e ! hY i ! 0). Note
also that, akin to the IF shift at interfaces, the spin-Hall-effect
terms in the uniaxial crystal diverge for the propagation along
the optical axis: ϑ → 0, cot ϑ → ∞. This implies a singular tran-
sition to the cylindrically-symmetric problem of the on-axis
propagation in uniaxial crystals: equation ϕ ≃ Θy∕ sin ϑ is valid
only in the jϕj ≪ 1 approximation. In the on-axis propagation,
the SOI manifests itself as the spin-to-orbital angular-momentum
conversion [25,26].

It is worth noticing that, in the problem under consideration,
the operators X̂ and Ŷ [Eq. (10)] are Hermitian. Therefore, their
expectation values [Eqs. (11) and (12)] are purely real, which cor-
responds to the presence of spatial beam shifts and the absence of
angular beam shifts (i.e., changes in the direction of beam propa-
gation) [24,38,40].

The spin-Hall effect can be measured either directly, via sub-
wavelength shift [Eq. (12)] of the beam centroid [20–24], or via
various other methods including quantum weak measurements
[22,29–41]. The latter method allows significant amplification
of the shift using almost crossed polarizers at the input and output
of the system. As before, the input polarizer and matrix M̂ 0

determine the “pre-selected” polarization state jψ 0i ! M̂ 0jψi !! e−iΦ0∕2α
eiΦ0∕2β

"
, while the output polarizer corresponds to another,

“post-selected,” polarization state jφi !
! ˜α

˜β

"
. The resulting

beam shifts after the second polarizer are determined by the weak
values [instead of expectation values of Eqs. (11) and (12)] of the
operators R̂ [Eq. (10)]. In contrast to the real expectation values
of Hermitian operators, their weak values are complex. The real
and imaginary parts of the weak values determine the spatial and
angular beam shifts, hRiweak and hΘiweak , respectively [37–40]:

Fig. 2. Distribution of the polarization in the (a) extraordinary and (b) ordinary Gaussian beams transmitted through a uniaxial crystal plate. Right-
hand- and left-hand- polarization ellipses are shown in magenta and cyan, respectively. The background gray-scale distributions show the Gaussian
intensities of the beams, x-shifted due to ordinary linear birefringence. Transverse y-dependent separations of opposite helicities and tilts of the polari-
zation ellipses indicate the σ- and χ-dependent transverse birefringence, described by the Ye;o and hY i terms in Eqs. (5)–(13). The parameters used here
are kw0 ! 10, ϑ ! π∕4, Φ0 ! 2π∕3, and dΦ0∕dϑ ! −5.
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polarization states jψi and jφi, respectively, while the lenses
controlled the amplification propagation factor z∕zR in Eq. (16).
Namely, the first lens, L1, of focal length 5 cm, produced a
focused Gaussian beam with the Rayleigh range zR ≃ 3840 μm
(determined from the 1∕e2 spot size of the original laser beam,
374 μm, and the spot size of the focused beam in the focal plane,
28.72 μm), while the second lens, L2, of focal length 5 cm,
collimated the beam and provided the effective propagation dis-
tance z ! 5 cm. Thus, the propagation amplification factor
was z∕zR ≃ 13, and the second, angular term in the beam shift
[Eq. (16)] strongly dominated the first, spatial term (cf., [22,23]).

We performed weak-measurement experiments with the pre-

selection in the e-polarized state, jψi !
!
1
0

"
, and post-selection

in the almost-orthogonal state jφi !
! sin ε
cos ε

"
≃
! ε
1

"
, jεj ≪ 1,

as well as with the pre-selection in the o-polarized state jψi !
!
0
1

"
and post-selection in jφi ≃

!
1
−ε

"
. In both cases, the trans-

verse beam shift is described by the second (angular) term in
Eq. (16). The transverse intensity distributions I 0"R# in the
o-polarized beam transmitted through the tilted half-wave plate
and post-selected with ε ! −1.4 · 10−2; 0; 1.4 · 10−2 are shown
in Fig. 7. One can clearly see beam deformations typical for
quantum weak measurements [30–34]. Namely, the two-hump
Hermite–Gaussian y-distribution takes place for ε ! 0, whereas
Gaussian-like distributions are considerably shifted in opposite
y-directions for ε ! $ 1.4 · 10−2. These intensity deformations
and shifts provide the second experimental evidence of the
transverse circular birefringence and spin-Hall effect in the
system.

Fig. 6. Experimentally measured distributions of the local Stokes parameter s3"R# [Eq. (21)] in the (a) extraordinary and (b) ordinary beams trans-
mitted through the tilted half-wave plate with ϑ ≃ 35° and Φ0"ϑ# ≃ −π (see Fig. 5). The y splitting of opposite spin states with s3 > 0 and s3 < 0
corresponds to the splitting of opposite polarization ellipticities in Fig. 2 and signals the spin-Hall effect of light.

Fig. 7. Transverse intensity distributions I 0"R# in the o-polarized beam transmitted through the tilted half-wave plate and post-selected in the almost
e-polarized state with ε ! −1.4 × 10−2; 0; 1.4 × 10−2 (see explanations in the text). The two-hump Hermite–Gaussian distribution at ε ! 0 corresponds
to Eq. (8), while the opposite shifts hY ziweak at ε ! $ 1.4 · 10−2 are the spin-Hall shifts amplified via quantum weak measurements [Eq. (16)]. Like in
Fig. 6, the tilt angle ϑ ≃ 35° corresponds to Φ0"ϑ# ≃ −π, i.e., maximizes the spin-Hall effect ∝"1 − cos Φ0#.
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wavelength of 670 nm. As a source of the incident Gaussian
beam, we employed a semiconductor laser diode of wavelength
λ ! 2π∕k ! 675 nm. The laser radiation was passed through
a single-mode fiber and collimated using a microscope objective
lens.

Since the wavelength of the beam differed from the nominal
wavelength of the wave plate, we chose to measure the anisotropic
phase difference Φ0 versus the angle of the tilt ϑ via direct Stokes-
polarimetry methods [28,44] instead of calculating it via Eqs. (17)
and (18). For this purpose we used the setup shown in Fig. 4(a).
The double Glan–Thomson polarizer (P1) selected the desired
linear-polarization state in the incident beam. In the first experi-

ment, this was 45° polarization, i.e.,
!
α
β

"
! 1ffiffiffiffi

2
p

!
1
1

"
. Then,

the beam passed through the tilted wave plate, a quarter-wave
plate (QWP) with retardation angle δ, and the second polarizer,
P2, with angle γ. We measured the integral intensity of the trans-
mitted beam, Ī 0"δ; γ# (Ī 0 !

R
I 0"R#d2R !

R
jE 0"R#j2d2R), and

determined the integral Stokes parameters in the transmitted
beam as

S̄0 ! Ī 0"0°; 0°# $ Ī 0"0°; 90°#;

S̄1 ! Ī 0"0°; 0°# − Ī 0"0°; 90°#;

S̄2 ! Ī 0"0°; 45°# − Ī 0"0°; 135°#;

S̄3 ! Ī 0"90°; 45°# − Ī 0"90°; 135°#: (19)

(Note that the normalized Stokes parameters [Eq. (13)] "τ; χ; σ#
correspond to S̄1;2;3∕S̄0 in the incident beam.) Finally, the phase
difference between the ordinary and extraordinary modes was
determined as [28,44]

Φ0 ! tan−1
$
S̄3
S̄2

%
: (20)

The measured phase [Eq. (20)] versus the tilt angle ϑ of the aniso-
tropic plate is shown in Fig. 5.

The phase difference Φ0"ϑ# calculated via the integral Stokes
parameters [Eq. (19)] completely characterize the action of the
tilted wave plate on the central plane wave in the beam. To in-
vestigate the spin-Hall effect in the transmitted beam, we per-
formed a series of measurements of local intensity distributions

I 0"R# and corresponding local Stokes parameters Si"R# and in
the beam cross section.

First, we measured the distributions of the normalized third
Stokes parameter in the transmitted beam,

s3"R# !
S3"R#
S0"R#

; (21)

which characterizes the local ellipticity of the field, or the normal-
ized z-component of its spin angular momentum density [45].
These distributions are shown in Fig. 6 for the extraordinary
and ordinary polarizations of the incident beams. In agreement
with theoretical predictions (Fig. 2) one can clearly see the trans-
verse y separation of positive and negative ellipticities (cf. [13,20]).
This is the first experimental confirmation of the spin-Hall
effect of light produced by the transmission through a tilted
anisotropic plate.

Second, we investigated deformations of the intensity distribu-
tions and beam shifts using the quantum weak-measurement
method described in Section 3. We used the setup shown in
Fig. 4(b) with additional focusing (L1) and imaging (L2) lenses.
Polarizers P1 and P2 produced pre-selected and post-selected

Fig. 5. Polarimetrically measured phase difference Φ0"ϑ# [Eq. (20)]
between the ordinary and extraordinary modes for the beam transmitted
through the tilted half-wave plate. The inset shows the actual measured
phase in the range "−π; π#, whereas the main plot shows the unwrapped
phase.

Fig. 4. Schematics of the experimental setups used for the (a) polarimetric measurements and (b) quantum weak measurements of the beam shifts.
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Output polarization distribution in the ordinary or 
extraordinary linearly-polarized Gaussian beam:  
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Beam shifts and weak measurements: 

hRiweak ! Re
hφjR̂jψ 0i
hφjψ 0i

; hΘiweak !
1

zR
Im

hφjR̂jψ 0i
hφjψ 0i

: (14)

As the beam propagates from its waist z ! 0 along the z axis, the
angular shifts produce shifts in the beam centroid growing with z.
The resulting shifts at z ≠ 0 are

hRziweak ! hRiweak " zhΘiweak : (15)

Thus, the quantum-weak-measurements technique can signifi-
cantly amplify the beam shifts in two ways. First, the spatial shifts
hRiweak can be much larger than the expectation values hRi when
jhφjψ 0ij ≪ 1. Second, the appearance of angular shifts hΘiweak
[Eq. (14)] results in large beam shifts [Eq. (15)] in the far-field
region: z ≫ zR .

Amplification of the regular birefringence shift, hX iweak,
was previously measured in Refs. [33,34], and this was the first
experimental example illustrating the quantum weak measure-
ments paradigm. Quantum weak measurements were also used
for amplification of the spin-Hall effect shifts in the beam refrac-
tion and reflection at isotropic interfaces [22,35–41]. Here we
analyze the amplification of the new spin-Hall effect shift,

hY iweak . Let the incident beam be e polarized, jψi !
!
1
0

"
, while

the post-selection polarizer is almost orthogonal: jφi !! sin ε
cos ε

"
≃
! ε
1

"
, jεj ≪ 1. Then, using Eqs. (6), (10), (14),

and (15) yields

hY ziweak !
1

εk
sinΦ0 cot ϑ"

z
zR

1

εk
#1 − cosΦ0$ cot ϑ: (16)

Here, the first (spatial) and second (angular) terms correspond to
the imaginary and real parts of the Ye;o quantities, or to the
χ- and σ-dependent contributions to the regular beam shift
[Eq. (12)]. Importantly, the second term becomes dominant in
the far-field zone and is amplified for two reasons: because jεj ≪
1 and z ≫ zR . Note that the singular limit ε → 0 is regularized by
the condition of applicability of the above weak-measurement
equations: 1 ≫ jεj ≫ #kw0$−1 [31,32]. Thus, the maximal
achievable beam shift at jεj∼#kw0$−1 is of the order of the beam
width in the far field: w0z∕zR . For the ordinary input polarization

jψi !
!
0
1

"
and post-selection jφi≃

!
1
−ε

"
, the weak-measure-

ment transverse shift is given by Eq. (16) with the “minus” sign
before the first (spatial) term.

We demonstrate the weak measurements of the spin-Hall
shifts [Eq. (16)] in Section 4. Here, to illustrate the beam-shift
behavior, we calculate the centroid shifts [Eqs. (11) and (12)]
for a typical tilted anisotropic plate. As an example, we consider
a quartz plate with thickness d ! 1 mm. The phase difference
between the ordinary and extraordinary waves is given by

Φ0#ϑ$ ! k%nod o#ϑ$ − ñe#ϑ$d e#ϑ$&: (17)

Here, no ! 1.544 is the refractive index for the ordinary wave,
ñe#ϑ$ ! neno∕

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2e cos2 ϑ" n2o sin2 ϑ

p
is the refractive index for

the extraordinary wave propagating at the angle ϑ to the optical
axis, ne ! ñe#π∕2$ ! 1.553, and the distances of propagation of
the ordinary and extraordinary rays in the tilted plate are

d e#ϑ$ !
ñe#ϑ$dffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ñ2e #ϑ$ − cos2 ϑ
p ; d o#ϑ$ !

nodffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2o − cos2 ϑ

p : (18)

Using Eqs. (17) and (18), in Fig. 3 we plot the linear-birefrin-
gence and spin-Hall shifts [Eqs. (11) and (12)] as functions of
the tilt angle ϑ. One can see that the transverse shift hY i due
to the spin-Hall effect reaches wavelength-order magnitude, typ-
ical for other spin-Hall systems in optics [20–24]. In contrast to
the IF shift in the reflection/refraction problems, here the trans-
verse shift hY i as a function of ϑ displays two-scale behavior.
Namely, the fast oscillations in Fig. 3(b) originate from the
#1 − cosΦ0$ term with the rapidly growing (or decreasing) func-
tion Φ0#ϑ$ (see Fig. 5), whereas the slow envelope corresponds to
the universal cot ϑ factor in SOI terms.

4. EXPERIMENTAL RESULTS

To verify the above theoretical predictions, we performed a series
of experimental measurements using the setups shown in Fig. 4.
For the anisotropic plate, we used a multiple-order half-wave plate
(WPMH05M-670, Thorlabs, USA) made of a single piece
of high-quality crystalline quartz and designed to operate at a

Fig. 3. Longitudinal (in-plane) and transverse (out-of-plane) shifts of the beam transmitted through a tilted uniaxial crystal plate [Eqs. (11) and (12)].
These plots correspond to a 1 mm thick quartz plate and wavelength λ ! 2π∕k ! 632.8 nm. The polarizations are (a) τ ! 1 (extraordinary wave) and
(b) σ ! −1 (left-hand circular). For the opposite polarizations, τ ! −1 and σ ! 1, the beam shifts have opposite sign, which signifies the usual in-plane
linear birefringence between the ordinary and extraordinary waves, as well as the transverse circular birefringence, i.e., the spin-Hall effect of light.
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polarization states jψi and jφi, respectively, while the lenses
controlled the amplification propagation factor z∕zR in Eq. (16).
Namely, the first lens, L1, of focal length 5 cm, produced a
focused Gaussian beam with the Rayleigh range zR ≃ 3840 μm
(determined from the 1∕e2 spot size of the original laser beam,
374 μm, and the spot size of the focused beam in the focal plane,
28.72 μm), while the second lens, L2, of focal length 5 cm,
collimated the beam and provided the effective propagation dis-
tance z ! 5 cm. Thus, the propagation amplification factor
was z∕zR ≃ 13, and the second, angular term in the beam shift
[Eq. (16)] strongly dominated the first, spatial term (cf., [22,23]).

We performed weak-measurement experiments with the pre-

selection in the e-polarized state, jψi !
!
1
0

"
, and post-selection

in the almost-orthogonal state jφi !
! sin ε
cos ε

"
≃
! ε
1

"
, jεj ≪ 1,

as well as with the pre-selection in the o-polarized state jψi !
!
0
1

"
and post-selection in jφi ≃

!
1
−ε

"
. In both cases, the trans-

verse beam shift is described by the second (angular) term in
Eq. (16). The transverse intensity distributions I 0"R# in the
o-polarized beam transmitted through the tilted half-wave plate
and post-selected with ε ! −1.4 · 10−2; 0; 1.4 · 10−2 are shown
in Fig. 7. One can clearly see beam deformations typical for
quantum weak measurements [30–34]. Namely, the two-hump
Hermite–Gaussian y-distribution takes place for ε ! 0, whereas
Gaussian-like distributions are considerably shifted in opposite
y-directions for ε ! $ 1.4 · 10−2. These intensity deformations
and shifts provide the second experimental evidence of the
transverse circular birefringence and spin-Hall effect in the
system.

Fig. 6. Experimentally measured distributions of the local Stokes parameter s3"R# [Eq. (21)] in the (a) extraordinary and (b) ordinary beams trans-
mitted through the tilted half-wave plate with ϑ ≃ 35° and Φ0"ϑ# ≃ −π (see Fig. 5). The y splitting of opposite spin states with s3 > 0 and s3 < 0
corresponds to the splitting of opposite polarization ellipticities in Fig. 2 and signals the spin-Hall effect of light.

Fig. 7. Transverse intensity distributions I 0"R# in the o-polarized beam transmitted through the tilted half-wave plate and post-selected in the almost
e-polarized state with ε ! −1.4 × 10−2; 0; 1.4 × 10−2 (see explanations in the text). The two-hump Hermite–Gaussian distribution at ε ! 0 corresponds
to Eq. (8), while the opposite shifts hY ziweak at ε ! $ 1.4 · 10−2 are the spin-Hall shifts amplified via quantum weak measurements [Eq. (16)]. Like in
Fig. 6, the tilt angle ϑ ≃ 35° corresponds to Φ0"ϑ# ≃ −π, i.e., maximizes the spin-Hall effect ∝"1 − cos Φ0#.
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The transverse y-shifts of the Gaussian distributions in Fig. 7
are the beam shifts hY ziweak described by Eq. (16). These are
strongly amplified from the typical subwavelength scale k−1
[Eq. (12)], to the beam-width scale with the overall weak-
measurement amplification factor:

A !
1

jεj
z
zR

≃ 929: (22)

The experimentally measured transverse beam shift hY ziweak
versus the tilt angle ϑ are plotted in Fig. 8 for the e and o
pre-selected polarizations and the corresponding post-selections
with ε ! 1.4 · 10−2. Since the phase difference Φ0"ϑ# is known
from independent polarimetric measurements (Fig. 5), we com-
pare the measured beam shifts with the analytical result in
Eq. (16). Figure 8 shows a very good agreement between the
experiment and theory. This provides the quantitative confirma-
tion of the spin-Hall effect and circular birefringence of light
transmitted through a tilted anisotropic plate.

5. CONCLUSIONS

We have considered the transmission of a Gaussian light beam
through a uniaxial crystal plate with a tilted anisotropy axis.
The action of the plate on a plane wave is well known and is de-
scribed by the diagonal Jones matrix with a phase retardation
between the ordinary and extraordinary polarizations. However,
birefringence phenomena require the consideration of confined
beams rather than infinite plane waves. We have shown that tak-
ing into account multiple plane waves with slightly different
wavevector directions in the beam spectrum results in nontrivial
beam-shift effects. First, the transmitted beam experiences the in-
plane shift between the o and e linear polarizations. This is the
well-known linear birefringence. Second, the beam experiences
a transverse out-of-plane shift dependent on the circular (and also
diagonal) polarization degrees, i.e., a circular (and diagonal) bi-
refringence. This is a manifestation of the spin–orbit interaction
and a novel type of the spin-Hall effect of light.

Notably, the usual linear birefringence and new circular birefrin-
gence form a close analogy with the GH and IF beam shifts that
appear in the light reflection at a dielectric interface. This is because
mathematically similar spin–orbit interactions appear (i) in the
beam reflection due to the medium inhomogeneity and different
Fresnel coefficients for the TE and TM polarizations, and (ii) in

the beam transmission through a crystal plate due to the medium
anisotropy and different transmission coefficients for the o and
e polarizations.

We have provided a detailed theoretical description and
experimental measurements of the novel circular-birefringence
phenomenon. The remarkably simple system of a tilted half-wave
plate and polarizers was used for this. Our measurements clearly
demonstrated the spin-Hall effect and transverse beam shifts
in the transmitted beam via both polarimetric and quantum-
weak-measurement methods. By using the weak-measurement
technique, we strongly enhanced the transverse beam shift to
the beam-width size and also transformed the spatial shift into
an angular shift, which is clearly seen in the far field.

Thus, we have described a novel basic phenomenon in a sim-
ple thoroughly studied system. Due to the great recent interest
in optical spin–orbit interaction phenomena and the wide use of
anisotropic plates in numerous optical setups and devices, our
results could find applications in polarization optics and nano-
photonics. The methods developed in this work can be extended
and applied to other types of anisotropic plates: dichroic, circular-
birefringent, etc.
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wavefunction. We verify our general theory by an optical experiment using the near-zero

transmission (near-critical coupling) of Gaussian pulses propagating through a nano-fibre

with a side-coupled toroidal micro-resonator. Measurements demonstrate the amplification

of the time delays from the typical inverse-resonator-linewidth scale to the pulse-duration

scale.
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vortex with a phase singularity1–3,39. Indeed, introducing
complex detuning from the critical-coupling parameters
!n ¼ ðo#o0Þ# iðG#G0Þ % n# ig, equation (1) behaves as
T !nð Þ ’ # i!n=2G0 for !nj j & G0.

We now consider a Gaussian wave packet or pulse consisting of
multiple waves with different frequencies. The field of the
incident Gaussian wave packet can be written in the frequency
and time representations as:

~E oð Þ / exp # o#ocð Þ2

2~D2

! "
; E tð Þ / exp # ioct#

t# tcð Þ2

2D2

! "
:

ð2Þ

Here, oc is the central frequency of the packet, ~D is the spectral
width of the pulse and D ¼ 1=~D is the temporal length of the
pulse. In equation (2), we consider temporal variations of the
wavepacket field in the point of observation (say, x¼ 0), assuming
that the field amplitude is maximal at t¼ tc.

We also assume that the central frequency of the wave packet is
close to the resonant frequency of the resonator, so that
equation (1) is applicable for o¼oc, and that the spectral width
of the wave packet is much smaller than the linewidth of the
resonance (1). These conditions can be written as

oc #o0j j ' G0 þGð Þ; ~D & G0 þGð Þ: ð3Þ

The second condition (3) is the ‘weak-coupling’ or ‘adiabatic’
condition, which implies that the Gaussian shape of the wave
packet is only weakly perturbed by the interaction with the
resonator (apart from the overall scaling). Assuming that GBG0,
we will use the small weak-coupling (adiabatic) parameter
e ¼ ~D=G0 & 1.

In the zero-order approximation in e, the field of the
transmitted pulse is given by ~E0 oð Þ ’ T ocð Þ~E oð Þ. As the
transmitted pulse is observed at some point x¼ L, its temporal
form is E0 tð Þ ’ T ocð ÞE t0ð Þ, where t0-t# L/c, with c being the
(group) velocity of the wave in the waveguide. Thus, the field
of the transmitted pulse is expected to be maximal at the time
t0c ¼ tc þL=c in the point of observation (see Fig. 1).

Taking into account the finite spectral width of the pulse and
different complex transmission coefficients for waves with
different frequencies, one can see that the transmitted pulse
is perturbed by interesting interference phenomena. In the
first-order approximation in e, we can use the Taylor expansion

of the transmission coefficient near the central frequency:
T oð Þ ’ T ocð Þþ @T ocð Þ=@ocð Þ o#ocð Þ. Then, the Fourier
spectrum of the transmitted pulse becomes:

~E0 oð Þ ’ T ocð Þ 1þ@ lnT ocð Þ
@oc

o#ocð Þ
! "

~E oð Þ: ð4Þ

The second term in square brackets in equation (4) originates
from the dispersion of the transmission coefficient. It contains the
frequency o and therefore affects the shape of the transmitted
pulse in the time representation (where frequency becomes the
operator ô ¼ i@=@t).

Using precise analogy of the transformation (4) with the
analogous spatial transformation in the optical beam-shift and
quantum weak-measurements problems16,17,29 (which is
described below), one can show that the transmitted pulse
acquires the complex time delay D:

E0 tð Þ ’ T ocð ÞE t0 #Dð Þ; D ¼ # i
@ lnT ocð Þ

@oc
: ð5Þ

In terms of real-valued quantities, the transmitted field can be
presented in Gaussian form in both frequency and time domains:

E0 tð Þ ’ T ocð ÞE t0 #Dtð Þe# i Do t# tcð Þ; Dt ¼ ReD; ð6Þ

~E0 oð Þ ’ T ocð Þ~E o#Doð ÞeiDt o#ocð Þ; Do ¼ # ~D2ImD: ð7Þ
Here, Dt is the well-known Wigner time delay7–10,45, that is,
a shift of the Gaussian envelope in time (and longitudinal
coordinate), whereas Do is a small frequency shift associated with
the imaginary part of the complex shift (5) (see Fig. 1). Although
complex time shifts (5) were widely discussed in the literature
(see refs 7–9 and references therein), it was not properly
recognized that the imaginary part of this time is responsible
for the frequency rather than time shift.

Thus, because of the interaction with the resonator and
associated interference effects, the transmitted pulse is slightly
shifted in both time and frequency domains with respect to the
propagation without resonator. In quantum-mechanical terms,
the expectation values of the arrival time and frequency (energy)
of the transmitted pulse are th i ¼ t0c þDt and hoi¼ocþDo,
respectively. Although the frequency shift looks similar to a
second-order effect in e, Do / ~D2, it originates from the first-
order complex time delay (5). Taking into account the true
second-order terms in the Taylor expansion of the transmission

Incident pulse

Ring resonator

Transmitted pulse

Coupling

Time shift

(tc, !c)

Without resonator

Waveguide

!0 – i Γ0  

Γ

(t ′ + Dt ,!c + D! )c

Figure 1 | Time and frequency shifts of an optical pulse interacting with a waveguide-coupled resonator. An incident Gaussian wave packet with central
frequency oc and intensity-maximum time tc in the starting point propagates through a waveguide with a side-coupled ring resonator. The resonator is
characterized by a resonant frequency o0, dissipation rate G0, whereas the coupling rate between the resonator and the waveguide is denoted by G. In the
absence of the resonator, the intensity of the transmitted pulse is expected to be maximum at the time t0c in the point of observation. Interacting with the
resonator, the transmitted pulse experiences shifts in both its arrival time (with time delay Dt, shown negative here) and its central frequency (frequency
shift Do). These shifts are strongly enhanced near the critical-coupling (zero-scattering) regime, when most of the pulse energy is absorbed by the
resonator and the transmitted-pulse amplitude is small.
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Wigner time delay and frequency shift 



Beam shifts and weak measurements time domain 

It diverges near the zero of the transmission coefficient 
(critical coupling in non-Hermitian resonators): 

  
Aw = −i

∂lnT ω c( )
∂ω c

= D -  complex Wigner time delay 

coefficient does not contribute to the frequency shift in this
approximation. It is also notewothy that the frequency shift does
not affect the pulse propagation in non-dispersive waveguides,
that is, when the group velocity c is independent of o. In the
dispersive case, c¼ c (o), the frequency shift will modify the
propagation time t0c and cause an additional time delay
D t
dispers¼ " (L/c2)(qc/qo)D o growing with the propagation

distance L.
Remarkably, equations (4)–(7) are precise temporal analogues

of the equations for the Goos–Hänchen beam shifts, which
occur in the wave-beam reflection or refraction at an optical
interface15–17. In this manner the real part of the complex time
shift (5) (that is, the Wigner time-delay formula) is an analogue of
the Artmann formula46, whereas the time and frequency shifts (6)
and (7) are the counterparts of the spatial (coordinate) and
angular (wave vector) Goos–Hänchen shifts15–17. The close
analogy between the Goos–Hänchen and time-delay effects was
previously recognized in refs 37,38. Notably, the imaginary
part of the complex time delay was measured as the angular
Goos–Hänchen shift in ref. 38, but still it was not recognized
as the frequency shift. Lateral beam shifts at optical interfaces
have recently attracted enormous attention in connection
with spin–orbit interactions of light and quantum weak
measurements11–17. Such shifts are studied in 2D or three-
dimensioanl (3D) geometries, and they are strongly dependent on
the internal polarization (spin) degrees of freedom. In contrast,
the problem we deal with here involves purely scalar 1D waves,
with their complex phases being the only internal degree of
freedom.

The Wigner time delay D t can be either positive or
negative, resulting in the effective ‘subluminal’ or ‘superluminal’
propagation of the pulse7–10, that is, ‘slow’ or ‘fast’ light39.
Similarly, the frequency shift D o can be either positive or
negative. In the former case, the normalized energy ‘per photon’
in the transmitted pulse will be higher than that in the incident
pulse. This does not violate energy conservation, because the
transmitted pulse contains less number of photons (intensity)
than the incident one.

Importantly, the shifts (5)–(7) diverge in the critical-coupling
regime: D -N at T(oc)¼ 0. This means that the typical time-
delay values can be significantly enhanced for the parameters
close to the zero of the scattering coefficient, and that the above
simple equations are not applicable for the near-zero scattering.
Below we show that the formalism of quantum weak

measurements perfectly describes this phenomenon and provides
laconic expressions for the enhanced time and frequency shifts in
the near-zero scattering regime.

Quantum weak measurements in near-zero scattering.
The paradigm of ‘quantum weak measurements’ was
introduced by Aharonov et al.25. Since then, numerous studies
suggested various examples and interpretations of this
concept12,14,16–20,26–30,33–36,39. Although the usual ‘strong’
quantum measurements result in expectation values of the
corresponding operators, weak measurements bring about
so-called ‘weak values’ of the measured quantities. Remarkably,
weak values can be complex and even their real parts can be
anomalously large, that is, lie outside of the spectrum of the
operator. This is closely related to the phenomenon of
‘superoscillations’21–24, when the phase of a complex function
varies with anomalous gradients, which are much higher than any
spatial Fourier components in its spectrum.

Anomalous weak values and superoscillations are often related
to vortices, that is, phase singularities or zeros of complex
functions1–3. One of the simplest examples, proposed by Berry18,
is the measurement of the local momentum of a wave field near a
vortex. Consider 2D space r¼ (x, y) and the wave function c(r)
with vortex at the origin, c(0)¼ 0 (Fig. 2a). In the vicinity of this
zero, the wave function behaves as c rð Þ / x þ i sgnð‘Þ y½ ' ‘j j,
where ‘ is the vortex strength, which is a non-zero integer
number. Weak measurements of the momentum p̂ ¼ " i @=@r
conjugated to r (we use units ‘¼ 1), for the state cj i with the
postselection in the coordinate eigenstate rj i, result in the
following weak value of the momentum18–20:

pw ¼ rh jp̂ cj i
rh jci

¼ " i
@ lnc
@r

: ð8Þ

This ‘weak momentum’ is complex and it diverges in the vortex
point: for example, Repw ! 1 at r-0, c(r)-0 (Fig. 2a). This is
because the phase gradient of the wave function is anomalously
high near the vortex (superoscillations). The real part of the
weak value (8) represents the normalized momentum density
Repw ¼ p rð Þ of the wave field and it is directly observable in
experiments with local probes interacting with the wave field at a
given point r20,47. Therefore, a probe (for example, a nanoparticle
or an atom immersed in an optical field c(r)) experience
anomalous momentum transfer (‘super-kicks’) proportional to

Super-momentum Repw

Vortex wavefunction !(x,y) Transmission coefficient T (",Γ)

x

y

"0

Γ0

Critical
coupling

0

0

Enhanced time shifts

Vortex

Dt ∝ ReAw

2 #

0

P
ha

se

Γ

–Γ0

"

a b

Figure 2 | Analogy between anomalous weak momentum in a vortex wavefunction and time delays of a wave packet in near-zero scattering. (a) Weak
measurements of the momentum in a vortex wave field, c(r), described by equation (8), result in the anomalously large weak values (super-momentum)
pw near the vortex core18. Here, the localized vortex wavefunction c¼ (x þ iy) exp (" x2" y2) is shown. (b) Anomalously large time delays D, given
by equations (5)–(7), which appear in the vicinity of the zero of the transmission coefficient T(o, G) (critical coupling), have the weak-value form (10)
similar to equation (8). In both panels, colours indicate the phases of the complex functions, whereas brightness corresponds to their absolute values.
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Beam shifts and weak measurements time domain 

In this regime, the anomalous time/frequency shifts are 
given by the universal weak-measurement equations: 

   

Dt =
Re Aw

1+ !Δ2 Aw

2
2

,

   

Dω = −
!Δ2 Im Aw

1+ !Δ2 Aw

2
2

Repw in the vicinity of the vortex. The anomalously high value of
such kicks is compensated by a very low probability of their
occurrence, because the amplitude of the wave function vanishes
in the vortex.

Equation (5) for the complex time delay D closely resembles
the weak-momentum equation (8). In our case, the complex
transmission coefficient T(o,G) plays the role of the ‘wave
function’, where the critical-coupling point (o,G)¼ (o0,G0)
corresponds to a vortex of strength ‘ ¼ " 1 (Fig. 2b). As a
result, the pulse (which plays the role of the probe here)
experiences a ‘super-kick’ in its time variable t conjugated to o.
The only difference with the above vortex example is that in our
case we deal with a 1D system and the 2D vortex in the
transmission coefficient appears because we deal with a non-
Hermitian system and complex frequencies !o ¼ o" iG, corre-
sponding to this single dimension.

The above analogy between quantum weak measurements
and enhanced complex pulse delay (5) can be formalized
using the approach suggested by Solli et al.39 Namely, one can
write equation (4) for the pulse transmission in the form of the
weak-measurement evolution equation:

E0 tð Þ / T ocð Þ 1þ iAwF̂
! "

E tð Þ: ð9Þ

Here, the pulse plays the role of the probe (‘metre’) with variable
F̂ ¼ ô"oc, which measures the weak value of some operator Â.
Without knowing the actual form of the operator Â, its weak
value is given by

Aw ¼ " i
@ lnT ocð Þ

@oc
& D: ð10Þ

According to the general weak-measurement formalism29,30, the
imaginary and real parts of the weak value (10) produce shifts (7)

and (6) in the variable F̂ (that is, frequency) and the variable
conjugated to F̂ (that is, time). Thus, the complex time delay (5)
perfectly matches the weak-measurement paradigm as the
weak value (10). Such one-to-one correspondence between the
wavepacket shifts and quantum weak values was previously
emphasized for Goos–Hänchen and Imbert–Fedorov (spin-Hall
effect) beam shifts in the optical reflection and refraction
problems16,17.

We can now use this correspondence to regularize the
singularity of the time delay in the critical-coupling regime.
The time and frequency shifts (6) and (7) appear only in the
linear-response regime, which assumes that the envelope of the
transmitted wave packet still has a Gaussian profile29. However,
the shape of the wave packet is strongly deformed in the vicinity
of the zero of the transmission coefficient, which acts as a spectral
filter, and the transmitted pulse is not Gaussian anymore26–30.
The weak-measurements formalism allows us to obtain general
expressions for the wavepacket shifts, which remain finite even
when the weak value diverges (see refs 14,29):

Dt ¼
ReAw

1þ ~D2 Awj j2
.
2
; Do ¼ "

~D2ImAw

1þ ~D2 Awj j2
.
2
: ð11Þ

These are the main equations, which describe the anomalous time
and frequency shifts of a wave packet in the near-zero scattering
regime. It is noteworthy that Dt¼Do¼ 0 for the exact critical-
coupling parameters when T ocð Þ ¼ 0, |Aw|¼N.

Substituting the transmission coefficient (1) into (10), we
obtain the explicit form of the weak value (complex time delay):

Aw ¼ 2G
oc "o0ð Þ2 þ G2 "G2

0

# $
þ 2iG0 oc "o0ð Þ

: ð12Þ
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Figure 3 | Theoretically calculated time and frequency shifts of an optical pulse transmitted through a waveguide-coupled resonator. Time (a,b ) and
frequency (c,d) shifts of the transmitted pulse, Dt and Do, described by the weak measurement equations (11) and (12), versus frequency and coupling
detunings, nc¼oc"o0 and g¼G"G0. The shifts are strongly enhanced near the critical-coupling (zero-transmission) point (nc, g)¼ (0,0). The adiabatic
parameter is taken here as e¼0.01. The normalization constants are chosen in such a way that the dimensionless shift values indicate their enhancements

over the typical shifts (without critical coupling). The extreme values of the dimensionless shifts (’ ' 1=
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2

p
e), given by equations (13) and (15), are seen

in the red curves in b ,c.
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Beam shifts and weak measurements time domain 

In this regime, the anomalous time/frequency shifts are 
given by the universal weak-measurement equations: 

voltage V of the nano-positioner. It varied the distance d between
the fibre and the resonator: dpV. The coupling between the fibre
and the resonator is realized via evanescent fields, which decay
exponentially with d. Therefore, the coupling strength is related
to the positioner voltage as G ¼ a exp " bVð Þ, where a and b are
unknown constants to be determined from the experiment.

We performed two series of experiments. In the first one, the
detuning of the pulses, nc, was varied in a relatively broad range,
whereas the positioner voltage V (and the coupling G) was fixed.
Then, the intensity of the transmitted pulse, |E0(t)|2, was
measured and processed for every value of the detuning nc.
Calculating the time shift of the centroid (that is, ‘centre of
gravity’ of the intensity distribution) of the transmitted pulse with
respect to the reference arrival time without the resonator,
we determined the experimental values of the time shift Dt
versus the frequency detuning nc (cf. Fig. 3a). This series of
measurements was repeated for different values of the voltage V
(coupling G).

In the second series of experiments, we varied the positioner
voltage V at a fixed detuning nc. The experimentally measured
time delays Dt versus the voltage V showed two well-pronounced
extrema (see Supplementary Fig. 1), similar to those in the
theoretical curves Dt(G), equations (11), (12) and Fig. 3b. Now,
associating the voltages Vmin and Vmax, corresponding to the
extrema of the Dt(V) curves, with the values Gmin and Gmax,
corresponding to the extrema in the theoretical dependences
Dt(G), we retrieved the two unknown parameters a and b relating
the voltage to the coupling constant. Finally, using the equation
G ¼ a exp "bVð Þ, we plotted the experimentally measured time
delay Dt versus the coupling strength G or its dimensionless
detuning g/G0¼ (G"G0)/G0 (see Supplementary Fig. 1 and
Supplementary Note 1). This series of measurements was
repeated for different detunings nc. Importantly, determining
the constants a and b from different series of measurements
with different detunings nc resulted in approximately the same
values (with variations B10%). Therefore, we calculated the
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Figure 5 | Experimentally measured anomalous time shifts of light pulses transmitted through a waveguide-coupled resonator. Time delays Dt of the
transmitted pulses as functions of (a–c) the frequency detuning nc at different coupling parameters g and (d–f) the coupling detuning g at different
frequency detunings nc. Each symbol corresponds to a single time-delay measurement. The magenta dashed curves represent the theoretical weak
measurement equations (11) and (12). The cyan solid curves represent the theoretical results obtained using the refined equations, which include the
second derivative of the transmission coefficient (see Supplementary Note 2). Despite the large dispersion of the experimental data, the resonant
behaviour in the vicinity of the critical coupling (nc, g)¼ (0, 0) is clearly seen and the behaviour of the time delays is in good agreement with the theoretical
predictions.

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms13488 ARTICLE

NATURE COMMUNICATIONS | 7:13488 | DOI: 10.1038/ncomms13488 | www.nature.com/naturecommunications 7



Reflection/refraction at an interface 

The results SPP beam fields in the real and momentum 
(Fourier) spaces at different input polarizations: 

Small real and imaginary    induces strong deformations 
and coordinate and momentum spin-Hall shifts in the SPP 
beams. 

ε

Gorodetski et al., PRL 2012 



Reflection/refraction at an interface 

The results are in perfect agreement with the FDTD and 
analytical calculations: 
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