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Abstract. We review the geometrical-optics evolution of an electromagnetic wave 
propagating along a curved ray trajectory in a gradient-index dielectric medium. A 
Coriolis-type term appears in Maxwell equations under transition to the rotating 
coordinate system accompanying the ray. This term describes the spin-orbit coupling 
of light which consists of (i) the Berry phase responsible for a trajectory-dependent 
polarization variations and (ii) the spin Hall effect representing polarization-
dependent trajectory perturbations. These mutual phenomena are described within 
universal geometrical structures underlying the problem and are explained by the 
dynamics of the intrinsic angular momentum carried by the wave. Such close 
geometro-dynamical interrelations illuminate a dual physical nature of the 
phenomena. 

1. Introduction 

Spin dynamics of quantum particles, which is induced by weak spin-orbit interactions, is 
currently attracting growing attention. This is owing to both fundamental theoretical interest and 
potential applications in atomic, condensed-matter, and optical systems at nano-scales. The spin-
orbit interaction is an inherent topological feature of relativistic wave equations such as, e.g., 
Dirac or Maxwell equations, and spin and orbital degrees of freedom of the particle become 
coupled as the particle evolves in an external potential. In the short-wavelength (semiclassical) 
approximation, the spin-orbit coupling can be described within the Berry-phase formalism, 
which has a universal geometrical character and can be applied to a diversity of quantum and 
classical wave systems [1−3]. 

Geometrical optics embraces all features of the semiclassical evolution of relativistic 
quantum particles with spin and, thus, offers a unique opportunity for investigations of the 
fundamental quantum effects and applications within the classical field. In so doing, the 
evolution of polarized light in a gradient-index medium mimics evolution of a massless spin-1 
particle (photon) in an external scalar field. The Berry phase provides a natural geometrical 
formalism that describes variations of the light polarization along the propagation trajectory (see 
reviews [4−7] and original papers [8−20]).1 However, the Berry phase also manifests itself 
dynamically. In particular, it induces an additional term in the equations of motion (ray 
equations) which describes a polarization-dependent shift of the wave trajectory. This effect is 
known as the spin Hall effect of light or optical Magnus effect [24−35] which is quite similar to 

                                                 
*E-mail: k.bliokh@gmail.com 
1 In this review, we consider only the spin-redirection Rytov−Vladimirskii−Berry phase in inhomogeneous 

media, which is associated with variations in the direction of propagation of light. Another geometric phase, the 
Pancharatnam−Berry phase [21−23], may appear in anisotropic media; it is caused by changes in the polarization 
state of light (see reviews [4−7]). 
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the intrinsic anomalous and spin-Hall effects in quantum systems [29,36−40] (for reviews, see 
[41−43]). Together, the Berry phase and spin Hall effect describe the spin-orbital coupling of 
electromagnetic waves, i.e., a mutual influence of the wave trajectory and polarization. In a more 
general context, the Berry phase and the accompanying geometric reaction forces arise from a 
coupling between the fast and slow degrees of freedom [44] (for other examples of the 
topological transport phenomena, see [45−58]). 

In this review, we consider the Berry-phase phenomena upon the geometrical-optics 
evolution of light in a gradient-index medium. We aim to perform a thorough analysis of this 
problem but will not cover its important generalizations to step-index interfaces, anisotropic 
media, and higher-order states of light carrying orbital angular momentum. Paying proper 
attention to the inherent geometrical features, we particularly focus on the dynamical aspects of 
the problem. It will be shown that the Berry phase and spin Hall effect are closely related to the 
dynamics of the spin angular momentum carried by the wave and can be described in terms of 
the Coriolis effect or the angular Doppler effect. To reveal interrelations between various 
formalisms, we attempt to give different interpretations of the same results. 

The paper is organized as follows. Section 2 provides a brief introduction to the scalar 
geometrical optics of gradient-index media. The main Section 3 describes various aspects of the 
polarization evolution of electromagnetic waves, including the Berry phase and spin Hall effect. 
Section 4 analyses a typical example of these phenomena – a helical ray trajectory in a 
cylindrical medium. In the concluding Section 5 we discuss basic physical interpretations of the 
Berry phase and spin Hall effect and mention the most important generalizations. Specific 
coordinate frames, which are used for analysis of the polarization evolution along the ray 
trajectory, are discussed in the Appendix. 

2. Geometrical optics of scalar waves 

Geometrical optics of gradient-index media is an asymptotic short-wavelength 
approximation for the solution of the wave equation, which describes propagation of a paraxial 
wave packet or beam with nearly plane phase front [59]. In this approximation, the wave 
acquires features of a classical point particle obeying Hamiltonian or Lagrangian dynamics. For 
a scalar monochromatic wave of the frequency ω , the wave equation is reduced to the Helmholz 
equation: 
 ( )2 2 2

0 0n ψ∇ + =Ż , (2.1) 

where 0 0 / 2π= λŻ , 0 /c ωλ =  is the wavelength in vacuum, ( )n n= r  is the space-variant 
refractive index of the medium, and ψ  is the wave field. We assume that inhomogeneity of the 
medium is smooth, i.e., its characteristic scale, L , is large as compared with the wavelength: 

 1
L

µ = Ż ≪ , (2.2) 

where µ  is the small parameter of geometrical optics, 0 / n=Ż Ż  is the wavelength in the 
medium, and ~ /L n n∇ . Asymptotics of Eq. (2.1) with respect to the small parameter (2.2) is 
similar to the semiclassical asymptotics 0→ℏ  in quantum wave equations. In the zero-order 
approximation, i.e., in the ‘classical’ limit 0 0→Ż , propagation of wave beams is described by 
canonical equations with Hamiltonian [59] 
 ( ) ( )2 2

0 , 0p nα  = − = p r r! . (2.3) 

Here 0=p kŻ  is the dimensionless momentum of the wave, k  is the central wave vector in the 
beam, and α  is a non-zero factor which determines the parameterization of the ray trajectory. 
Hamiltonian (2.3) follows from Eq. (2.1) via ‘quantum-to-classical’ substitution 0i− ∇→ pŻ . 
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Condition 2 2p n=  is the local dispersion relation; it plays the role of a constraint. It is 

convenient to choose ( ) 1p nα −
= +  which yields 

 ( ) ( )0 , 0p n= − =p r r! . (2.4) 
The equations of motion – the ray equations – with Hamiltonian (2.4) read [59] 

 0 n∂
= − = ∇

∂
p

r
ɺ ! , 0

p
∂

= =
∂

pr
p

ɺ ! . (2.5) 

Hereafter the overdot stands for the derivative with respect to the ray parameter, l , which is the 
ray length since 1=rɺ . Equations (2.5) describe rays, i.e., characteristics of the initial wave 
equation (2.1) and trajectories of evolution of the center of gravity of a paraxial wave packet or 
beam. The rays are curvilinear because of the wave refraction in the medium, and the gradient 

n∇  plays the role of an ‘external force’ affecting the motion of the particle. Alternatively, 
canonical equations (2.5) can be represented as the Euler−Lagrange equations with the 
Lagrangian 
 ( ) ( )0 0, , , ,= − +p p r r p r prɺ ɺ ɺ" !  (2.6) 
varying independently with respect to p  and r . 

The geometrical optics describes not only ‘classical’, particle-like features of the solution 
but also basic wave characteristics. In particular, the central wave phase 0Φ  ( 0ieψ Φ∝ ) in this 
approximation is given by the WKB integral along the ray: 

 1 1
0 0 0

L L

dl d d− −Φ = = =∫ ∫ ∫p r k rŻ Ż" , (2.7) 

where L  is the ray trajectory, Eqs. (2.5), in the real space, so that integral (2.7) equals 
1

0 0k dl n dl−Φ = =∫ ∫Ż . 

3. Geometrical optics of vector waves: spin-orbit geometrodynamics 

Evolution of vector waves, e.g., electromagnetic or elastic ones, requires more 
sophisticated approaches, since it involves an additional, internal degree of freedom − 
polarization (spin). 

3.1. Maxwell equations and polarization orthogonality 

Maxwell equations for monochromatic electric field in an inhomogeneous isotropic 
dielectric medium can be written as 
 ( )2 2

0 0n− ∇× ∇× + =E EŻ ,  
or, 
 ( ) ( )2 2 2 2

0 0 0n∇ + − ∇ ∇ =E EŻ Ż , (3.1) 

where 2n ε=  is the dielectric constant of the medium, which is assumed to be real. Equation 
(3.1) resembles the Helmholz equation (2.1), except for the last term, which involves the wave 
polarization, and mixes internal and external degrees of freedom of the wave. This polarization 
term is small in a gradient-index medium (of the order of µ ) and can be treated perturbatively 
within the geometrical optics approach. In the zero-order approximation in µ , Eq. (3.1) results 
in the scalar Hamiltonian and the ray equations (2.3)−(2.6). However, polarization is 
indeterminate in this approximation. To describe the polarization evolution of electromagnetic 
waves, one has to solve the problem in the first-order approximation in µ  [59], which accounts 
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for the spin-orbit coupling of light. The µ -order corrections describes dynamics of the wave 
polarization along the zero-order trajectory (2.5) as well as the polarization-dependent 
perturbations of the ray trajectory. 

The polarization term in Eq. (3.1) ensures the Maxwell equation 
 ( )2 0n∇ =E , (3.2) 
i.e., div 0=D , which indicates that in a smoothly inhomogeneous medium the electric field of a 
paraxial wave remains nearly transverse with respect to the current momentum p : 
 E⊥= +E E t% , ⊥ ⊥E t , E E⊥% ≪ . (3.3) 

Here / p=t p����  is the unit vector tangent to the zero-order ray trajectory (2.5), E = Et%  is the 
longitudinal component of the field, and ⊥E  is the projection of the electric field onto the plane 
orthogonal to t : E⊥ = −E E t% . The wave polarization is essentially determined by the transverse 
components ⊥E . Hence, the dimension of the problem can be reduced to 2 by projecting 
Maxwell equation (3.1) onto the plane orthogonal to t , which eliminates the longitudinal field 
component E%  from the problem. Below we perform this procedure and describe the evolution of 

⊥E . 

3.2. Coriolis term in the co-moving frame 

In order to describe the evolution of the transverse field (3.3), one has to introduce a 
coordinate frame with basis vectors ( , , )v w t  attached to the local direction of momentum, t , see 
Fig. 1. Vectors ( , )v w  provide a natural basis for linear polarizations: v wE E⊥ = +E v w . 
However, the coordinate frame ( , , )v w t  is non-inertial in the generic case. Indeed, it experiences 
rotation as t  varies along the ray trajectory (2.5) in inhomogeneous medium. Such rotation with 
respect to a laboratory (motionless) coordinate frame is described by a precession of the triad 
( , , )v w t  with some ‘angular velocity’ Ω  defined with respect to the ray length l : 
 = ×v Ω vɺ , = ×w Ω wɺ , = ×t Ω tɺ . (3.4) 
The angular velocity can be written as 
 ( ) ( ) ( )= + + = Ω + ×Ω vw t wt v tv w t t t%

ɺ ɺɺ ɺ , (3.5) 

where Ω = =Ωt vw% ɺ  is the longitudinal component of Ω . 
When performing a transition to the non-inertial coordinate frame accompanying the ray, 

effective inertia terms appear in Maxwell equations (3.1). Similarly to classical mechanics, they 

can be derived via substitution [16] c
t t n

∂ ∂
→ + ×

∂ ∂
E E Ω E , or, ci

n
ω ω→ + ×Ω E , in Eqs. (3.1)2. 

Neglecting higher-order terms proportional to 2Ω  and Ωɺ , we arrive at 
 ( ) ( )2 2 2 2

0 0 02 0n in∇ + + × − ∇ ∇ =E Ω E EŻ Ż Ż . (3.6) 
Here the second term describes the Coriolis effect caused by the rotation of the ray coordinate 
frame. This term is small: 0 ~ µΩŻ , but should be taken into account in the first-order 
approximation in µ . 

Now we can project equation (3.6) onto the plane ( , )v w  orthogonal to the ray trajectory. 
For the projections of the last two terms we have in the first approximation in µ : 

                                                 
2 Here the wave velocity /c n  appears because we defined the angular velocity (3.4) with respect to the ray 

length l  rather than time. Alternatively, the Coriolis term arises upon the field differentiation along the ray: 

( )w v wv

d
E E E E E E

ds
= + + = + + + ×E v w t v w t Ω E% %

ɺ ɺ ɺɺ , where Eq. (3.5) was used. 
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 ( )2
0 0

⊥
 ∇ ∇ EŻ ≃ , ( ) ( )⊥⊥

× Ω ×Ω E t E%≃ . (3.7) 

These equations take place owing to the wave transversality, Eqs. (3.2) and (3.3). Indeed, after 
substitution 0i− ∇→ pŻ  we have ( )2 2

0 p E∇ ∇ = −E t%Ż , whereas in the Coriolis term we neglect 
small E E% ≪ . As a result, the Maxwell equations for the transverse electric field ⊥E  takes the 
form [16]: 
 ( ) ( )2 2 2

0 02 0n in⊥ ⊥∇ + + Ω × =E t E%Ż Ż . (3.8) 
 

X

Y
Z

e

w

v

t
e

w

v

te
w

v

t 2Θ
Θ

 
 
Fig. 1. Evolution of the polarization along a curved beam trajectory – a helix in this 
case. Polarization e  and a ray-accompanying local coordinate frame ( ), ,v w t  are 
shown after each period of cyclical evolution of the tangent vector t . 

 
Equation (3.8) is a two-component vector equation which becomes diagonal in the basis of 

circular polarizations. Substituting the field as a superposition of right-hand and left-hand 
circular modes, 

 *E E+ −
⊥ ∝ +E ξ ξ , 

2
i+

=
v wξ , 

2
v wE iEE± =
∓ , (3.9) 

we obtain from Eq. (3.8) 
 ( )2 2 2

0 02 0s sn E n s E∇ + + Ω =%Ż Ż , 1s = ± . (3.10) 
Hereafter s  denotes the wave helicity indicating the two spin states of photons. According to 
Eq. (3.10), in the first approximation of the geometrical optics, these two states evolve 
independently, and the zero-order polarization degeneracy is lifted by the Coriolis term. 

In the same approximation, Eq. (3.10) can be written as 

 ( )22 2
0 0 0sn s E ∇ + + Ω =  %Ż Ż . (3.10') 

Making the substitution 0i− ∇→ pŻ  and introducing Hamiltonian similarly to Eqs. (2.3) and 
(2.4), we arrive at the Hamiltonian 
 0 0p n s= − − Ω =%Ż! . (3.11) 
Despite the above ‘quantum-to-classical’ substitution, the Hamiltonian (3.11) includes Ż -order 
correction from the Coriolis term. The corresponding Lagrangian of the problem is 
 0 1s= +" " " , 1 0= Ω%Ż" , (3.12) 
where 0 n p= − +prɺ"  is the scalar Lagrangian (2.6), whereas 1s"  is the Lagrangian describing 
the spin-orbit coupling of light. Similar spin-orbit terms have appeared before in the theory of 
spinning particles, see [29,32,60−63]. 
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The spin-orbit Lagrangian is proportional to the longitudinal component of the angular 
velocity of the co-moving coordinate frame, which is 
 *iΩ = − =vw ξ ξ%

ɺɺ . (3.13) 
If we introduce the spin angular momentum of the circularly polarized wave as 0s=Σ tŻ  (for 
massless particles spin is directed along the momentum), the spin-orbit Lagrangian equals 
 1s = ΣΩ" . (3.14) 
This Lagrangian has the form of the Coriolis term in systems with intrinsic angular momentum 
[64−67]. At the same time, Eq. (3.14) shows that it can be treated as the angular Doppler effect 
term, which describes the phase shift of the wave carrying intrinsic angular momentum Σ  and 
undergoing rotational evolution with angular frequency Ω  [68−80].3 Note that here 0>ΣΩ  
corresponds to a red shift of the wave frequency, because the medium rotates with respect to the 
chosen coordinate frame with angular velocity −Ω . 

3.3. Berry connection and curvature 

The spin-orbit Lagrangian (3.12) brings about an additional polarization-dependent wave 
phase. In order to describe this phase, we first introduce new representation and quantities which 
are important for what follows. 

The co-moving coordinate frame ( , , )v w t  is attached to the direction of the wave 
momentum p , and the polarization evolution of the wave is essentially momentum-dependent 
(rotations of the ray coordinate frame are independent of the particular space coordinates, r ). 
Therefore, one can parameterize basis vectors of the ray coordinate frame by the momentum: 
 ( )=t t p , ( )=v v p , ( )=w w p , or, ( )=ξ ξ p . (3.15) 
Transition from the l -parameterization to the p -parameterization is performed via the 

substitution d d
dl dl

∂
→

∂
p

p
, and the spin-orbit Lagrangian (3.12)−(3.14) takes the form 

 ( )1 0= − A p pɺŻ" , (3.16) 
where 

 *
i

i i

A i
p p
∂ ∂

= = −
∂ ∂
w ξv ξ  (3.17) 

is the so-called Berry connection or Berry gauge field. In such representation, the spin-orbit 
interaction of light, Eq. (3.16), acquires the same form as the spin-orbit interaction of electrons 
stemming from the Dirac equation [29,32,54,81−83]. 

As we will see, the Berry connection relates the wave polarization / E⊥ ⊥=e E  in the 
neighboring points p  and d+p p  of momentum space. Since the polarization depends only on 
the direction of momentum, / p=t p , the evolution in the p  space can be projected onto the unit 
sphere { }2S = t . In this manner, polarization vector e  is tangent to this sphere, and the Berry 

connection determines the natural parallel transport of e  over the 2S  sphere, Fig. 2 
[1−7,9,13−15,44,84−90]. 

The curvature tensor corresponding to the Berry connection is 

 j i
ij

i j

A AF
p p
∂ ∂

= −
∂ ∂

, (3.18) 

                                                 
3 Usually, the angular Doppler shift is considered for a wave interacting with a rotating element. If this 

element changes only the polarization state, the shift can be associated with the Pancharatnam−Berry phase. When it 
changes only the propagation direction of the wave, the shift can be regarded as a manifestation of the spin-
redirection Rytov−Vladimirskii−Berry phase considered here. Thus, the angular Doppler shift links and unifies the 
two types of the geometric phase in optics [67]. 
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which yields 

 
* *

ij
i j j i i j i j

F i
p p p p p p p p

 ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂
= − = − −  ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ 

v w v w ξ ξ ξ ξ . (3.19) 

This is an antisymmetric tensor characterized by the dual vector F : ij ijk kF Fε= , so that: 

 ∂
= ×
∂

F A
p

, (3.18') 

This the Berry curvature or Berry field strength. Direct calculations (see Appendix) show that, 
independently on the choice of the coordinate frame ( , , )v w t , the Berry curvature is equal to 

 3p
=

pF . (3.20) 

On the surface of the unit t -sphere (i.e., at 1p = ), the Berry curvature equals =F t  indicating 
the unit Gaussian curvature of the surface. 
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Fig. 2. Scheme of the parallel transport of the polarization vector e  over the unit 
sphere { }2S = t  in momentum space. Trajectory of evolution of the t  vector and 
polarization variations correspond to one period of the helical trajectory depicted in 
Fig. 1. 
 
Geometrical properties of the Berry connection and curvature have been discussed in 

numerous reviews and papers [1−7,9,13−15,44,84−90]. Important to note that these quantities 
allow also dynamical interpretation. Indeed, the Berry connection A  appears in Lagrangian 
(3.16) as an external vector-potential affecting the evolution of light.4 In turn, the Berry 
curvature F , Eq. (3.18), plays the role of the effective ‘magnetic field’ corresponding to the 
vector-potential A . Remarkably, this field takes the form of a ‘magnetic monopole’ located at 
the origin of p -space [12,17−19,26−35] (cf. [38,39]). As it will be shown, the topological 
monopole affects the wave motion as a rather real physical entity (see Section 3.5) [35]. 

The gauge properties of the potential A  and field F  are closely related to the choice of the 
co-moving frame ( , , )v w t . The Berry connection and curvature are defined through the basis 
vectors ( , )v w , or ξ , which, in turn, are defined up to an arbitrary rotation about t . Such a local 

                                                 
4 Compare Lagrangian (3.16) with the Lagrangian of electric charge q  in an external electromagnetic vector-

potential ( )r# : ( )( / )q q c= r rɺ" #  [91]. 
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rotation of the coordinate frame on an angle ( )α α= p , induces transformation of the basis 
vectors ( , )v w : 

 
cos sin
sin cos
α α
α α

    
→    −    

v v
w w

 (3.21) 

For the basis vectors of circular polarizations, ξ , Eq. (3.8), the transformation (3.21) results in 
 ( )exp iα→ −ξ ξ , (3.22) 

i.e., ( )SO 2  rotation of ( , )v w  is equivalent to ( )U 1  gauge transformation of ξ  [44]. From 
Eq. (3.17), it is seen that the gauge transformation (3.22) generates the following change of the 
Berry connection: 

 α∂
→ −

∂
A A

p
. (3.23) 

At the same time, this transformation (akin to the gradient gauge transformation of the 
electromagnetic vector-potential) does not influence the Berry curvature: 
 →F F . (3.24) 
Therefore, all physical quantities which are independent of the choice of coordinate frame (e.g., 
ray trajectories), must be dependent on the Berry curvature F  rather than on the gauge-variant 
connection A . 

3.4. Berry phase and polarization evolution 

The wave phase is obtained by integration of the Lagrangian (3.12) along the ray. In 
addition to the scalar phase (2.7), it acquires a polarization-dependent phase from the spin-orbit 
Lagrangian: 

 0 BsΦ = Φ − Φ , 1
0 1B dl dl−Φ = − = − Ω∫ ∫ %Ż " . (3.25) 

Substituting Eqs. (3.13) and (3.16) we can write this phase as 
 *

B d i d d
Γ

Φ = = − =∫ ∫ ∫v w ξ ξ A p , (3.26) 

where Γ  is the contour of the wave evolution in the p  space. Equation (3.26) describes the spin-
redirection Berry geometric phase acquired by the right-hand and left-hand circularly polarized 
modes with the opposite signs [4−20].5 The Berry phase is a manifestation of the Coriolis or 
angular Doppler effect originated from the rotation of the wave bearing spin angular momentum. 

The Berry phase determines variations of the polarization of light along the zero-
approximation ray (2.5). Let us introduce the unit complex two-component Jones vector in the 
basis of circular polarizations: 

 
e
e

ψ
+

−

 
=  
 

,  1ψ ψ = , (3.27) 

where /e E E± ±
⊥= . The Berry phases (3.25) and (3.26) lead to the evolution of the Jones vector 

as follows: 

 ( ) ( )
( ) ( )

exp 0
0

0 exp
B

B

i
l

i
ψ ψ

− Φ 
=  + Φ 

. (3.28) 

This phase difference of the circular polarizations is equivalent to the rotation of the linear 

                                                 
5 It should be noted that we refer to papers dealing with two types of optical systems: (i) waves propagating 

freely in a gradient-index medium and (ii) waves propagating in a curved single-mode dielectric waveguide. 
Rigorously speaking, the geometrical optics (ray) description is inapplicable in single-mode waveguides [14], but 
the polarization evolution and Berry phase of the waveguide modes obey the same geometrical formalism. 
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polarizations on the angle BΦ .6 In the generic case of an elliptical polarization, Eq. (3.28) 
describes the same turn of the polarization ellipse on angle BΦ  with its eccentricity conserved, 
Fig. 1 [4−20,59]. Such rotation of the polarization along a curved ray trajectory had been 
described by Rytov and Vladimirskii long before the Berry phase has been discovered [4,8,9]. 

The differential form of Eq. (3.28) is [27,34]: 
 ( )3 3ˆ ˆi iψ σ ψ σ ψ= Ω = − Ap%ɺ ɺ . (3.29) 
Hereafter we use the Pauli matrices 

 1

0 1
ˆ

1 0
σ

 
=  
 

, 2

0
ˆ

0
i

i
σ

− 
=  
 

, 3

1 0
ˆ

0 1
σ

 
=  − 

. (3.30) 

Equation (3.29) is similar to the equation for polarization evolution in quantum spin systems 
[54,92,93]. 

From Eq. (3.29) it follows that polarization measured in the ray-accompanying coordinate 
frame ( ), ,v w t  rotates with the local angular velocity −Ω t% . Hence, the Berry phase describes a 
sort of inertia of the electric field which remains locally non-rotating about the ray in the 
laboratory frame. This is seen from the dynamics of the unit polarization vector 

 *e e
E

+ −⊥

⊥

= = +
Ee ξ ξ . (3.31) 

Differentiating Eq. (3.31) and substituting derivatives of ξ  and e±  from Eqs. (3.4), (3.5), (3.9), 
(3.27), and (3.29), we arrive at [4] 
 ( )= −e et tɺɺ . (3.32) 
This is a well-known equation for the parallel transport of vector e  along the ray. According to 
it, e  does not experience local rotation about t . In contrast to the previous Eqs. (3.25)−(3.29), 
equation (3.32) is independent of the local coordinate frame ( ), ,v w t  and describes the 
polarization dynamics in a universal way. 

The parallel transport of vector e  can be equally considered either along the ray trajectory 
or over the t -sphere, Figs. 1 and 2. Equation (3.32) is non-integrable, i.e., its solution ( )le  is 
non-local due to the non-integrability of the Berry phase (3.25) and (3.26). Therefore, despite the 
local non-rotational evolution, globally the polarization e  can turn after a cyclical evolution of 
the t  vector, Figs. 1 and 2. Indeed, a series of local rotations of the t -vector about different axes 
may produce a turn of e  about the t -vector itself. This is a result of non-commutativity of 

( )SO 3  rotations in space [7]. The angle of the resulting rotation of e  equals the Berry phase 

BΦ . 
For a cyclic evolution in momentum space (which corresponds to a ray trajectory with the 

coincident input and output directions of propagation), the Berry phase (3.26) equals [4−20] 
 2

0B d d
Γ Π

Φ = = = Θ∫ ∫∫A p F p( . (3.33) 

Here Π  is a surface spanned over the closed contour Γ  (so that Γ = ∂Π ), and Θ  is the solid 
angle cut by Γ , i.e., the area enclosed by the projection of the loop Γ  onto the t  sphere, Fig. 2. 
The last equality in Eq. (3.33) is obtained using Eq. (3.20). Equation (3.33) indicates the turn of 
the vector e  parallel-transported over the t  sphere. At the same time, it shows that the Berry 
phase is analogous to the Aharonov−Bohm (or Dirac) phase in quantum mechanics [94−96]. It is 

                                                 
6 Transition to the basis of linear polarizations, , , /v w v we E E⊥= , is realized via substitution 

11

12
v

w

eie

eie

+

−

−
=

    
    

   
. 
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equal to the contour integral of the effective vector-potential A  or to the flux of the ‘magnetic 
field’ F  through this contour. 

The solid angle Θ  can be calculated as 
 ( )1 cos sind d dθ φ θ θ φ

Γ Π

Θ = − =∫ ∫∫
ɶ ɶ
( . (3.34) 

Here Γɶ  and Πɶ  are the projections of Γ  and Π  onto the t  sphere, whereas ( ),θ φ  are the 
spherical angles on the t  sphere, which specify direction of the wave momentum with respect to 
the laboratory coordinate frame ( )XYZ : ( ) ( ), , sin cos ,sin sin ,cosX Y Zp p p p θ φ θ φ θ≡ =p , 
Fig. 2. Equations (3.33) and (3.34) imply that the Berry connection and curvature can be written 
in spherical coordinates ( ), ,p θ φ  as (see Section A.1) 

 ( ) ( )1 1 1, , 0,0,sin tanpA A A pθ φ θ θ− − −≡ = −A , ( ) ( )2, , 1,0,0pF F F pθ φ
−≡ = −F . (3.35) 

The Berry connection is determined up to a gauge transformation (3.23) which does not change 
the contour integral (3.33), and the Berry curvature is the monopole (3.20). 

The polarization rotation corresponding to the Berry phase (3.33) and (3.34) has been 
measured experimentally in single-mode optical fibers coiled in a helix similar to Fig. 1 [10,11] 
and for helical rays in a multimode rectilinear waveguide [20,35], cf. Section 4. 

 

.

S2

S1

S3

.

S

.
.

.

v

w

.

 
 
Fig. 3. Representation of the polarization evolution along a helical trajectory of Fig. 1 
on the Poincaré sphere. The reference circular and linear polarization states are 
depicted on the sphere with respect to the ( ),v w  frame. 
 
We have written the equation of motion describing the polarization dynamics in the Jones 

representation, Eq. (3.29). An alternative formalism, frequently used in polarization optics, is the 
Stokes-vector representation on the Poincaré sphere. To address this representation, let us exploit 
the analogy between the optics and quantum mechanics. The vector of Pauli matrices, 

( )1 2 3
ˆ ˆ ˆ ˆ, ,σ σ σ σ=
* , can be treated in Eq. (3.29) as a spin operator. Then, the expectation value of 

the spin vector is given by 
 ˆS ψ σ ψ=

* * , 2 1S =
*

. (3.36) 

The unit vector S
*

 is the Stokes vector representing the wave polarization on the Poincaré sphere 
– the north and south poles represent right- and left-hand circular polarizations, whereas the 
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equator represents linear polarizations, Fig. 3. By differentiating expression (3.36) and using 
Eq. (3.29) we find that the Stokes vector obeys the following precession equation [34,35]: 
 S S= Λ×

* **ɺ , ( ) 32 2 uΛ = − Ω = Ap%

* *ɺ , (3.37) 
where 3u*  is the basis vector of the 3S  axis. Thus, upon the propagation of light along the ray 
trajectory, the Stokes vector precesses about the 3S  axis on the Poincaré sphere with the angular 
velocity 2Λ = − Ω% , Fig. 3. A cyclical evolution on the t  sphere, Fig. 2, corresponds to the 
rotation on the angle 02 BΦ  on the Poincaré sphere.7 

The Stokes vector can be interpreted as a pseudospin of photons. Its third component, 

[ ]2 2

3 1,1S e e+ −= − ∈ − , indicates the wave helicity and represents a continuous analogue of the 
quantized helicity 1s = ± . In virtue of Eq. (3.37), the helicity is conserved upon the light 
propagation: 
 3 0S =ɺ . (3.38) 
This evidences adiabatic regime of the wave evolution [4,12,14,17], i.e., independence of the 
right- and left-hand circular polarizations. It is worth remarking that the pseudospin S

*
 

completely describes the polarization state of the wave, while the real spin angular momentum 
0s=Σ tŻ  does not [97]. The Jones and Stokes representations characterize the polarization state 

of light, respectively, by the complex two-component vector ψ  and the real three-component 

vector S
*

. In the generic case, they obey ( )SU 2  and ( )SO 3  evolutions and correspond, 
respectively, to the Schrödinger and Heisenberg representations of spin in quantum mechanics 
[34,98]. 

Finally, note that polarization evolution equations (3.29) and (3.37) are not gauge-invariant 
with respect to transformations (3.23) because the field components and, hence, the polarization 
state depend on the choice of the coordinate frame ( ), ,v w t . 

3.5. Ray equations and spin Hall effect 

We have considered the phase effects induced by the spin-orbit coupling of light. Here we 
show that it also perturbs the ray trajectories. The total wave Lagrangian can be written from 
Eqs. (2.4), (2.6), (3.12) and (3.16) as 
 ( ) 0, , , n p s= − + −r r p p pr Apɺ ɺ ɺ ɺŻ" . (3.39) 
The Euler−Lagrange equations for the Lagrangian (3.39) varying independently with respect to 
p  and r  result in [24−35] 

 n= ∇pɺ , 0 0 3s s
p p p

×
= + × = +

p p p pr p F
ɺɺ ɺŻ Ż . (3.40) 

These are the ray equations of the first-order approximation of the geometrical optics. As 
compared to the zero-order equations (2.5), Eqs. (3.40) acquire a new, topological term 
proportional to the wave helicity s . This term describes a polarization-dependent transverse 
deflection of the ray trajectory, which is orthogonal both to the wave momentum p  and 
inhomogeneity gradient n= ∇pɺ . Thus, light beams with different polarizations propagate along 
slightly different trajectories, Fig. 4. This striking effect is known as the spin-Hall effect of light 
or optical Magnus effect [24−35]. It can be treated as an effective circular birefringence of the 
inhomogeneous medium [25,26], but, in fact, it arises because of the intrinsic property (spin) of 
light coupled to a curved ray trajectory. The topological term in Eqs. (3.40) makes the velocity 

                                                 
7 The factor of 2 appears here because one complete 2π  turn of the polarization ellipse in the real space 

corresponds to a 4π  double-turn on the Poincaré sphere. 
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and momentum non-collinear: r pɺ %  (i.e., the wave vector is not tangent to the ray), which is 
also characteristic for anisotropic media [59]. 

Equations (3.40) depend on the Berry curvature F  and therefore are gauge-invariant, i.e., 
independent on the coordinate frame. In the spin Hall effect, the Berry curvature manifests itself 
dynamically – the polarization term in Eq. (3.40) represents a ‘Lorentz force’ from the ‘magnetic 
monopole’ (3.20). Since the field F  appears in the momentum p  space, the ‘force’ ×p Fɺ  occurs 
in the equation for rɺ . Formally speaking, this is a correction to the velocity, the so-called 
anomalous velocity rather than force, cf. [37−43]. Despite a long history of the geometrical 
optics method, the polarization-dependent perturbation of the ray equations was introduced only 
recently. The point is that, traditionally, the ray trajectories were defined in the ‘classical’ limit, 

0 0→Ż  [59]. The spin-orbit term in Eqs. (3.40) is proportional to 0Ż , and, thus, can be treated 
as a ‘semiclassical’ correction to the ray equations. 

 

X

Y

Z


+



−

 
 
Fig. 4. The spin Hall effect of light: deflections of the trajectories of the light 
propagation for right-hand (+) and left-hand (−) polarizations, for a helical path from 
Fig. 1. The splitting of the rays per one period of the helix is 02 δ∆ = r . 
 
Ray equations (3.40) describe the trajectory of the center of gravity of a polarized wave 

beam or wave packet8. They are written for circularly-polarized eigenmodes with 1s = ± . To 
determine motion of the center of gravity of a beam with an elliptical polarization, one has to 
change the discrete helicity s  into its continuous counterpart: 
 

2 2

3 3ˆs S e eψ σ ψ + −→ = = − . (3.41) 
It should be noted, however, that an elliptically polarized beam will split upon the propagation 
into two overlapping but mutually displaced circularly polarized beams which propagate 
according to Eqs. (3.40). The ray equations (3.40) with (3.41) (which depend on S

*
 or ψ ) and 

equation for polarization dynamics (3.29) or (3.37) (which depends on p  and r ) form a 
complete set of the equations of motion. The intrinsic and extrinsic degrees of freedom are 
coupled in these equations due to the spin-orbit interaction of light. 

The spin Hall effect of light is a dynamical manifestation of the Coriolis effect. The 
transverse deflection occurs upon a bending of the trajectory of light carrying intrinsic angular 
momentum. Indeed, the spin-dependent term of Eqs. (3.40) is proportional to the curvature of the 
ray and directed orthogonally to the local propagation plane (see Section A.2). The spin Hall 
effect is also closely related to the conservation of the total angular momentum of light. Indeed, 

                                                 
8 We imply Gaussian-type wave beams or packets which do not bear an intrinsic orbital angular momentum. 
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in a spherically-symmetric medium, ( ) ( )n n r=r , the ray equations (3.40) possess the following 
integral of motion [27]: 
 0 consts= + = × + =J L Σ r p tŻ . (3.42) 
Here J  is obviously associated with the total angular momentum of light, consisting of the 
extrinsic orbital angular momentum = ×L r p  and the intrinsic spin angular momentum Σ . It is 
the spin-orbit term in Eqs. (3.40) that provides for the conservation of J : variations in the 
direction of Σ  caused by the wave refraction are compensated by the transverse shift of the ray 
which changes the orbital part L . In a medium, with a cylindrical symmetry with respect to the 
Z -axis, the conserved quantity is ZJ . 

The conservation of the total angular momentum, Eq. (3.42), links the spin Hall effect of 
light to another remarkable phenomenon – the transverse Imbert-Fedorov shift [24,27,99−118]. 
The latter effect is a similar polarization-dependent displacement of a wave beam reflected or 
transmitted at a plane dielectric interface. In fact, the spin Hall effect in a gradient-index medium 
and the Imbert-Fedorov shift represent, respectively, the weak- and strong-scattering limits of the 
polarization transport induced by the spin-orbit interaction of light. In the limiting case of low 
contrast between the two media (the ray trajectory is changed weakly in this case), the 
expression for the Imbert-Fedorov shift corresponds to the spin Hall effect from Eqs. (3.40) 
[24,119]. However, in the general case, the Imbert-Fedorov shift cannot be described within the 
Berry-phase formalism, because of the non-adiabatic evolution of light upon the reflection or 
transmission at a sharp interface. Despite a long history of theoretical and experimental studies, 
the correct generic expressions for the Imbert-Fedorov shift [115,116] and accurate experimental 
measurements [117] were achieved only recently. 

The spin-dependent perturbations of the ray trajectories, δp  and δr , can be found from 
Eqs. (3.40) using substitution 
 (0) δ= +p p p , (0) δ= +r r r , (3.43) 
where (0)p  and (0)r  satisfy the scalar equations (2.5). In this manner, we obtain in the first-order 
perturbation with respect to δp  and δr : 

 ( ) nδ δ= ∇ ∇p rɺ , 
(0) (0)

0 3(0) (0)
s

p p
δδ ⊥ ×

= +
p p pr

ɺɺ Ż , (3.44) 

where ( )δ δ δ⊥ = −p p t p t , (0) (0)/ p=t p . In the important special case 0δ ≡p , Eqs. (3.44) are 
simplified to 

 
(0) (0)

0 3(0)
s

p
δ ×

=
p pr
ɺɺ Ż . (3.45) 

From here, the displacement of the ray trajectory is [25,26,31,34]: 

 0 03

ds s d
p

δ
Γ Γ

×
= − = − ×∫ ∫

p pr F pŻ Ż , (3.46) 

Thus, akin to the Berry phase (3.26) and (3.33), the ray displacement takes the form of a non-
local contour integral in momentum space, which can grow unlimitedly with the length of the 
trajectory. 

The magnitude of the displacement δr  can be estimated from Eq. (3.46) as the wavelength 
λ  for a complete 2π  turn of the direction of propagation (e.g., for a circular trajectory) [25]. 
Typically, this effect is much smaller than the width of a paraxial optical beam, but nonetheless 
it is observable, since the position of center of gravity of the beam can be measured with a sub-
wavelength accuracy. Furthermore, the displacement is accumulated for repeating, cyclical 
trajectories in the p  space – e.g., for circular or helical trajectories in the real space, Fig. 4 
[25,35]. 
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Recently, the spin Hall effect of light and the ray equations (3.40) were verified by direct 
measurements for a helical trajectories as in Fig. 4 [35]. There had been a number of remarkable 
experiment [120−123] which observed the spin-orbit coupling and polarization transport of light 
in complex speckle fields of multimode optical fibers (see also [24]), but all of them (apart from 
numerical simulations in [123]) dealt with step-index index fibers, so that these results should 
rather be associated with the Imbert-Fedorov shifts upon the reflection at sharp inhomogeneities. 
In addition, propagation of light in optical fibers does not allow one to observe the geometrical-
optics ray trajectories hidden in the complex speckle patterns of the interfering modes. 

4. Example: Berry phase and spin Hall effect for a helical ray 

A characteristic example that exhibits both the Berry phase and the spin Hall effect, is the 
light propagation along a helical ray in a medium with cylindrical symmetry. 

4.1. Helical rays in the scalar approximation 

Let the medium be characterized by the refractive index ( )n n R=  in the laboratory 
cylindrical coordinates ( , , )R ZΦ  used instead of the Cartesian coordinates ( , , )X Y Z . In the 
cylindrical coordinates, the scalar-approximation ray equations (2.5) yield [59] 

 RpR
n

=ɺ , pR
n
ΦΦ =ɺ , ZpZ

n
=ɺ ; 

2

R
pp n
nR
Φ′= +ɺ , Rp pp

nR
Φ

Φ = −ɺ , 0Zp =ɺ , (4.1) 

where /n dn dR′ ≡ . The generic helical ray trajectory can be written as 
 R ρ= , sinlρ ϑΦ = , cosZ l ϑ= ,  
 0Rp = , sinp n ϑΦ = , cosZp n ϑ= , (4.2) 
where ( )n n ρ= , and the helix is characterized by two parameters: the radius ρ  and the angle ϑ  
between the tangent vector and the Z  axis. Ray trajectory (4.2) satisfies Eqs. (4.1) when 

 2sin
R

n
n ρ

ρϑ
=

′
= − . (4.3) 

Equations (4.2) and (4.3) determine the scalar-approximation helical ray trajectories in the 
cylindrical medium. 

4.2. Ray coordinate frames 

To describe the polarization variations along the trajectory, one needs to introduce one of 
the specific ray coordinate frames considered in the Appendix. The tangent vector / p=t p  is 
determined by the ray trajectory (4.2): 
 sin cos Zϑ ϑΦ= +t e e . (4.4) 

Following Section A.1, the tangent t  is given by spherical angles ( ), ,
2
πθ φ ϑ ϕ = + 

 
. 

Substituting this in Eqs. (A3) and introducing the basis vectors of the cylindrical laboratory 
coordinates, 
 cos sinX R Φ= Φ − Φe e e , sin cosY R Φ= Φ + Φe e e ,  
we obtain 
 R= −v e , cos sinZϑ ϑΦ= − +w e e . (4.5) 
This specifies the Euler-angles ray coordinate frame with v  directed along the radial coordinate, 
see Fig. 1. 
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Alternatively, following Section A.2, one can determine the Frenet basis along the ray. The 
tangent t  is constant in the cylindrical coordinate, but it evolves in the Cartesian frame. From 
ray equations (2.5), easy to see that the derivative tɺ  is directed along ( )n n n⊥∇ ≡ ∇ − ∇t t , i.e., 
along R−e  in our case. Then, Eqs. (A8) with Eq. (4.4) yield the principal normal and binormal to 
the ray: 
 R= −n e , cos sinZϑ ϑΦ= − +b e e . (4.6) 
Thus, in the case of a helical trajectory, the Frenet coordinate frame (4.6) coincides with the 
Euler-angles one, Eqs. (4.5): ( ) ( ), ,≡n b v w . They represent a natural choice for the description 
of the polarization evolution along the ray. 

The parallel-transport frame can be constructed using Eq. (A14) and the Berry phase 
calculated below. 

4.3. Evolution of polarization and the Berry phase 

Since the Euler-angles and Frenet frames coincide with each other, the Berry-phase 
expressions are equivalent as well. The torsion of the helix (4.2) equals ( )1 sin 2 / 2T ϑ ρ− = , and 
from Eqs. (3.12), (3.16), (A4), and (A10) we have: 

 1 sin 2cos
2

T ϑφ θ
ρ

−−Ω = = − = − = −Ap%
ɺɺ . (4.7) 

This quantity is constant and its integration results in the Berry phase 

 sin 2
2B lϑ
ρ

Φ = −  (4.8) 

and the polarization evolution in the Jones representation, Eq. (3.28). Thus, the Berry phase 
grows linearly with the propagation distance l , and polarization ellipse experience a uniform 
rotation with angular velocity (4.7) in the ray reference frame, see Fig. 1. 

In the Stokes-vector formalism, Eq. (3.37), the Stokes vector precesses uniformly with 
angular velocity, Fig. 3: 

 3
sin 2 uϑ
ρ

Λ = −
* * . (4.9) 

Integration of Eq. (3.37) with constΛ =
*

 yields 
 ( ) ( )1 10 20cos sinS S l S l= Λ − Λ , ( ) ( )2 10 20sin cosS S l S l= Λ + Λ , 3 30S S= . (4.10) 

Equation (3.28) and (4.8) or Eqs. (4.9) and (4.10) describe the polarization variations along 
the helical ray. The Berry phase (the angle of rotation of the polarization ellipse) per one period 
of the helix, 2 / sinl π ρ ϑ= , equals 
 0 2 cos 2B π ϑ πΦ = − = Θ− , (4.11) 
where Θ  is the corresponding area on the t -sphere, Eq. (3.34) and Fig. 2. An additional 2π  
rotation arises from the complete turn of the ray-accompanying coordinate frame after one period 
of the helix (see Section A1). 

4.4. Spin Hall effect 

Finally, we calculate the polarization-dependent shift of the ray trajectory, δr , due to the 
spin Hall effect. In the Frenet or Euler-angle coordinate frame, the zero-approximation 
momentum and its derivative, Eqs. (4.1), (4.2), and (4.6), are given by: 
 (0) n=p t , (0) n′= −p nɺ . (4.12) 
Hence, the polarization term in Eqs. (3.40) is directed along the binormal b . Therefore, 
displacement δr  is directed locally orthogonal to inhomogeneity, 0δ ≡p , and we can use 
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Eqs. (3.45) and (3.46) for calculation of δr . Substituting Eq. (4.12) into Eq. (3.45) and using 
condition (4.3), we obtain 

 
2

0
sins

n
ϑδ
ρ

= −r bɺ Ż , (4.13) 

which brings about the shift 

 
2sins lϑδ
ρ

= −r bŻ . (4.14) 

Note that 1 2 1sin Kρ ϑ− −=  is the curvature of the helical ray, and Eq. (4.14) agrees with 
Eq. (A12). The shift per one period of helix, 2 / sinl π ρ ϑ= , equals 
 0 sinsδ λ ϑ= −r b , (4.15) 
whereas the splitting between the centers of right-hand, 1s = , and left-hand, 1s = − , polarized 
beams is, evidently, 02 δ∆ = r , see Fig. 4. 

5. Concluding remarks 

We have examined the geometrical optics evolution of light in a gradient-index medium. In 
the zero-order (scalar) approximation the light propagates along a smooth trajectory which 
ensures the adiabatic regime of the evolution. The first-order corrections involve the wave 
polarization and bring about two mutual phenomena − the Berry phase and the spin Hall effect of 
light. These effects allow different geometrical and dynamical interpretations supplementing one 
another and equivalent on a deeper level. Here we resume the basic features illuminating the 
geometrodynamical nature of the Berry phase and spin Hall effect of light. 

1. The effects originate from the spin-orbit interaction of photons. Polarization and 
trajectory of light become coupled with each other by the medium inhomogeneity. The Berry 
phase represents the effect of the trajectory on the polarization of light, while the spin Hall effect 
is the inverse effect which accounts for the reaction of polarization on the trajectory of 
propagation. Both the effects are described by a single spin-orbit Lagrangian. The Berry-
connection representation unifies the spin-orbit interaction of photons and other quantum 
particles (e.g., electrons), thereby unveiling their common topological origin. 

2. The Berry phase and the spin Hall effect of light can be regarded as manifestations of 
the effective Berry vector-potential and field (geometrically – Berry connection and curvature) 
minimally coupled to the scalar light. In this manner, the two phenomena are counterparts of the 
Aharonov−Bohm (Dirac) phase and Lorentz force for a charged particle in a real magnetic field. 
The spin (helicity) of light plays the role of a charge in the Berry field. Important to note that the 
Berry curvature appears in momentum rather than coordinate space and takes the form of the 
topological monopole as in the case of massless spinning particles. 

3. The spin-orbit interaction and the Berry connection arise as a result of the Coriolis effect 
in a non-inertial coordinate frame accompanying the ray trajectory. The Berry phase can be 
associated with the inertia of the wave field which remains locally non-rotating, and can be 
eliminated in the proper inertial coordinate frame (see Section A3). In contrast, the spin Hall 
effect represents a real deflection of the ray trajectory, which is independent on the observation 
frame. 

4. Both the Berry phase and the spin Hall effect are naturally explained in terms of the 
dynamics of the intrinsic spin angular momentum carried by the light. The Coriolis effect is 
equivalent, in this context, to the angular Doppler effect (the medium rotates with respect to the 
non-inertial frame), whereas the trajectory displacement due to the spin Hall effect is directly 
related to the conservation of the total angular momentum of light. Relations between the Berry 
phase, spin Hall effect, and the angular momentum of photons are also discussed in [18,19,29]. 
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5. All the above interpretations consider propagation of light as the propagation of a point-
like particle with some internal properties (spin). However, it is important to remember that we 
deal with the propagation of a wave. The geometrical optics formalism and the notion of the 
trajectory of propagation imply the evolution of a confined wave packet or beam. The Berry 
phase is the phase of the central plane wave in the packet. At the same time, the spin Hall effect 
essentially arises from the interference of different partial plane waves in the packet, which 
propagate in slightly different directions and, hence, acquire slightly different geometric phases. 
In other words, the spin Hall effect appears due to the transverse momentum gradient of the 
Berry phase [25] (see also [67]). Thus, the spin Hall effect can be attributed to the uncertainty 
relation between the position and momentum – confinement of the wave in the real space 
inevitably leads to a finite distribution in the momentum space. 

Finally, we briefly mention the most important generalizations and extensions of the 
effects under discussion.  

(i) Likewise the angular Doppler shift [72−80] and the Imbert−Fedorov shift [124−129], 
the Berry phase and spin Hall effect allow immediate generalizations to the case of higher-order 
beams with vortices bearing intrinsic orbital angular momentum [119,130−135] (see also 
[84,90]). In this case the intrinsic orbital angular momentum behaves, in the geometrical optics 
approximation, very much like spin and the vortex charge determines spin-like helicity of the 
beam. Thus, the spin-orbit-type interaction occurs between the intrinsic and extrinsic orbital 
angular momentums of light beams, which induces the corresponding Berry phase and orbital 
Hall effect.  

(ii) The geometrodynamical description of the propagation of light in gradient-index media 
can be extended to the case of weakly anisotropic media [34,35,136−138]. In this manner, the 
effect of anisotropy is described by the generalized ( )SO 3  evolution of the Stokes vector on the 
Poincaré sphere with the non-conserved helicity.  

(iii) The Berry phase and spin Hall effect for smooth trajectories of propagation have a 
universal character, and appear not only for light in a gradient-index medium, but also for 
evolution of relativistic particles in external potentials [17−19,29,32,33,54], propagation of 
transverse elastic waves in inhomogeneous media [139], propagation of light in gravitational 
fields [30], photonic crystals [27,28], and metamaterials [140].  

(iv) A number of effects related to the spin-orbit coupling of light take place in multimode 
optical fibers [24,120−123,141−144]. 

(v) Finally, the spin-orbit interaction of light and spin-to-orbit conversion of the angular 
momentum (which can be associated with the spin Hall effect) occurs upon the scattering of 
polarized plane waves on various non-planar objects, such as lenses or small scatterers, or in 
inhomogeneous anisotropic media [67,145−152]. Anisotropy per se may also induce spin-orbit 
coupling upon the propagation of confined beams even in a homogeneous medium [153,154]. 

The tiny optical phenomena induced by the spin-orbit interaction of light are anticipated to 
have promising applications in nano-photonics. The spin Hall effect with a typical scale of the 
order of the wavelength provides a novel type of transport which can be crucial for modern 
optics dealing with nano-scales. The dynamics and geometry are strikingly entangled in the spin-
orbit coupling phenomena, which unveils the fundamental intrinsic properties of photons. The 
complementarity between the Berry phase and spin Hall effect (as well as the complementarity 
between the Aharonov-Bohm phase and the Lorentz force) is closely related to the duality of the 
wave and particle aspects of semiclassical evolution. 
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Appendix A: Ray coordinate frames 

Let the laboratory coordinate frame be ( )XYZ  with basis vectors ( ), ,X Y Ze e e . To describe 

the polarization of a transverse wave, one needs to use a co-moving coordinate frame ( )xyz  
accompanying the scalar-approximation ray trajectory (2.5). The z  axis of such frame is directed 
along the wave momentum, so that the basis vectors are ( , , )v w t . There is a freedom of choice 
of directions ( , )v w , which are determined up to an ( )SO 2  rotation in the ( )xy  plane, and here 
we address several specific ray-accompanying frames which can be useful for different 
applications. 

A.1. Euler-angles frame 

To superimpose the z-axis and a given direction of the local wave momentum, t , one 
needs to perform a local rotation of the coordinate frame. The simplest way to do this is to use 
the Euler angles and rotational operators describing ( )SO 3  rotations in space. Let the direction 

of t  be given by spherical angles ( ),θ φ , Fig. 2, i.e., in the laboratory coordinate frame 

( )sin cos ,sin sin ,cosθ φ θ φ θ=t . The desired rotation transformation can be performed as 
follows: 

 ˆ
X

Y

Z

R
   
   =   
   
   

v e
w e
t e

, (A1) 

where the rotational matrix R̂  consists of two successive rotations and equals: 

 ( )
sin cos 0

ˆ ˆ ˆ cos cos cos sin sin
2

sin cos sin sin cos
X ZR R R

φ φ
πθ φ θ φ θ φ θ

θ φ θ φ θ

− 
   = + = − −      

 

. (A2) 

Here ( )ˆ
AR γ  is the operator of rotation on angle γ  about the A  axis. Matrix R̂  corresponds to a 

rotation determined by the Euler angles ( ), , , ,0
2E E E
πφ θ ψ φ θ = + 
 

 [155]. Therefore, we refer to 

this ( , , )v w t  coordinate frame as to the Euler-angles frame. Transformation similar to Eqs. (A1) 
and (A2) has been used in [31,34] for diagonalization of Maxwell equations (3.1) and in [79] for 
explanation of the angular Doppler shift. 

From Eqs. (A1) and (A2) we have: 
 sin cosX Yφ φ= − +v e e ,  
 cos cos cos sin sinX Y Zθ φ θ φ θ= − − +w e e e , (A3) 
 sin cos sin sin cosX Y Zθ φ θ φ θ= + +t e e e .  
Substituting Eq. (A3) to Eq. (3.5), we obtain the angular velocity of the Euler-angles frame with 
respect to the laboratory one [155]: 
 cos sinφ θ θ φ θ= + +Ω t v wɺ ɺ ɺ , cosφ θΩ =% ɺ . (A4) 
Equation (3.25) yields the expression for the Berry phase in the Euler-angles frame [16,31,34]: 

 cosB dθ φΦ = −∫ . (A5) 
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For a closed loop on the t -sphere, this phase coincides with the Berry phase (3.33) and (3.34) up 
to 2π  difference. This difference is caused by the rotation of the Euler-angles frame. Indeed, let 

0θ →  and φ  varies from 0  to 2π , which corresponds to a nearly rectilinear wave propagation 
along the Z  axis and a nearly zero-area contour on the t -sphere, Fig. 2. It can be seen, that in 
this case the Euler-angles frame performs a complete 2π  turn in the ( )XY  plane. 

The Berry connection and curvature can be calculated by substituting Eqs. (A3) into 
Eqs. (3.17)−(3.18') and differentiating basis vectors in spherical coordinates ( ), ,p θ φ  in the p  
space. As a result, we obtain 
 ( ) ( )1 1, , 0,0, tanpA A A pθ φ θ− −≡ = −A , ( ) ( )2, , 1,0,0pF F F pθ φ

−≡ =F . (A6) 
Here the Berry curvature is the monopole (3.20), whereas the Berry connection becomes 
Eq. (3.35) after gauge transformation (3.23) with α φ= − . 

The Euler-angles frame is convenient for explicit analytic calculations. At the same time, 
its weakness is that it depends on the choice of the laboratory frame ( )XYZ . 

A.2. Frenet frame 

An alternative coordinate frame, accompanying geometrical optics rays is the Frenet frame 
widely used in differential geometry of curves [156]. It is based on the principal normal n , 
binormal b , and tangent t  to the ray: 
 ( , , ) ( , , )=v w t n b t . (A7) 
These basis vectors characterize local properties of the curve and are independent on the 
laboratory coordinate frame. They can be defined as 

 =
rt
r
ɺ
ɺ

, =
tn
t
ɺ
ɺ , = ×b t n . (A8) 

Note that vectors (A8) depend not only on the direction t , but also on its derivative tɺ . 
The Frenet-Serret equations describe evolution of the frame along the ray [59,156]: 

 1K −=t nɺ , 1 1K T− −= − +n t bɺ , 1T −= −b nɺ . (A9) 
Here 1K −  and 1T −  are, respectively, the curvature and torsion of the ray. Comparing these 
equations with Eq. (3.4) we find the local angular velocity of rotation of the Frenet frame: 
 1 1T K− −= +Ω t b , 1T −Ω =% . (A10) 
Thus, the torsion characterizes local rotation of this frame about t , and the Berry phase in this 
frame is 

 1
B T dl−Φ = −∫ . (A11) 

The geometrical phase in this form is equivalent to the Rytov’s law of the polarization evolution, 
which had been invented long before the Berry phase discovery [4,8,9,59]. 

The Berry connection cannot be introduced in the Frenet frame in the generic case, because 
of the local dependence of its basis vectors (A8) on derivative tɺ . But for closed contours the 
integral (A11) coincides with the phase (3.33) and (3.34) up to a 2π  difference. 

The Frenet frame is particularly convenient for description of the spin Hall effect. Indeed, 
the topological term in equations (3.40) can be written as [35] 

 1
0 3s s sK

p
−×

= × = −
p p t t b
ɺ ɺŻ Ż Ż . (A12) 

This shows that the spin-induced ray deflection is determined solely by the ray curvature and is 
directed along the binormal, i.e., orthogonal to the local propagation plane ( , )t n . Thus, while the 
Berry phase is an artifact of a particular rotating ray-accompanying coordinate frame, the spin-
Hall effect is a Coriolis-type transverse deflection induced by a real bending of spinning light. 
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A.3. Parallel-transport frame 

Among all the possible ray-accompanying frames, there is a special frame which should be 
distinguished from others. This is a non-rotating (with respect to t ), i.e., locally inertial frame 
with 
 0Ω =% . (A13) 
In other words, the basis vectors of this frame, 1 2( , , )u u t , are parallel transported along the ray, 
and therefore it is called the parallel-transport frame. Its basis vectors can be introduced by a 
rotation of another ray-accompanying coordinate frame on angle BΦ . For instance, starting from 
the Frenet frame ( , , )n b t , basis vectors 1 2( , , )u u t  can be introduced as 

 1

2

cos sin
sin cos

B B

B B

Φ Φ    
=    − Φ Φ     

u n
u b

, (A14) 

where 1
B T dl−Φ = −∫ . Substituting Eq. (A14) into Frenet−Serret equations (A9), we arrive at 

 1 2cos sinB BK K
= Φ − Φ

u utɺ , 1 cos BK
= − Φ

tuɺ , 2 sin BK
= Φ

tuɺ . (A15) 

The last two equations (A15) are equivalent to the parallel-transport equation (3.32) [156]: 
 ( )1 1= −u u t tɺɺ , ( )2 2= −u u t tɺɺ , so that 0i j =u uɺ . (A16) 
Using Eq. (3.5), the angular velocity of the parallel-transport frame equals 

 1 2
sin cosB B

K K
Φ Φ

= − +Ω u u , 0Ω =% . (A17) 

Thus, although the rotation of the ray-accompanying frame about t  can be eliminated, rotation 
associated with the ray bending and the ray curvature is unremovable. It is this rotation that 
causes the spin Hall effect [135]. 

The Berry phase vanish in this frame. However, the parallel-transport frame is non-local − 
equation (A14) contains the phase which depends on the integral evolution of t . Therefore, this 
system cannot be parametrized by the local value of t . Also, a transition from a local ray-
accompanying frame to the parallel-transport frame cannot be considered as a local gauge 
transformation (3.21)−(3.24) which keeps the Berry curvature and phase invariant. It is worth 
noticing that a curvilinear coordinate systems based on unit vectors 1 2( , , )u u t  is the only 
orthogonal coordinate system in the vicinity of the ray trajectory [81,87,157]. 



 22

References 

1. Shapere A and Wilczek F (Eds.) 1989 Geometric Phases in Physics (Singapore: 
World Scientific) 

2. Markovski B and Vinitsky S I (Eds.) 1989 Topological Phases in Quantum Theory 
(Singapore: World Scientific) 

3. Bohm A, Mostafazadeh A, Koizumi H, Niu Q, and Zwanziger J 2003 Geometrical 
Phase in Quantum Systems (Springer Verlag) 

4. Vinitskii S I, Derbov V L, Dubovik V M, Markovski B L, and Stepanovskii Y P 
1990 Usp. Fiz. !auk 160(6) 1 [Sov. Phys. Usp. 33 403] 

5. Bhandary R 1997 Phys. Rep. 281 1 
6. Ben-Aryeh Y 2004 J. Opt. B: Quantum Semiclass. 6 R1 
7. Malykin G B and Pozdnyakova V I 2004 Usp. Fiz. !auk 174 303 [Physics−Uspekhi 

47 289] 
8. Rytov S М 1938 Dokl. Akad. !auk. SSSR 18 263 [reprinted in Ref. 2] 
9. Vladimirskii V V 1941 Dokl. Akad. !auk. SSSR 31 222 [reprinted in Ref. 2] 
10. Ross J N 1984 Opt. Quantum Electron. 16 455 
11. Tomita A and Chiao R Y 1986 Phys. Rev. Lett. 57 937 
12. Chiao R Y and Wu Y S 1986 Phys. Rev. Lett. 57 933 
13. Haldane F D M 1986 Opt. Lett. 11 730 
14. Berry M V 1987 !ature 326 277 
15. Segert J 1987 Phys. Rev. A 36 10 
16. Lipson S G 1990 Opt. Lett. 15 154 
17. Jordan T F 1987 J. Math. Phys. 28 1759 
18. Bialynicki-Birula I and Bialynicki-Birula Z 1987 Phys. Rev. D 35 2383 
19. Skagestam B-S 1992 arXiv: hep-th/9210054 
20. Zel’dovich B Y and Kundikova N D 1995 Kvantovaya Elektronika 22 184 [Quantum 

Electron. 25 172] 
21. Pancharatnam S 1956 Proc. Indian Acad. Sci. A 44 247 [reprinted in Collected 

Works of S. Pancharatnam 1975 (New York: Oxford Univ. Press)] 
22. Berry M V 1987 J. Mod. Opt. 34 1401 
23. Bhandari R and Samuel J 1988 Phys. Rev. Lett. 60 1211 
24. Liberman V S and Zel’dovich B Y 1992 Phys. Rev. A 46 5199 
25. Bliokh K Y and Bliokh Y P 2004 Phys. Rev. E 70 026605 
26. Bliokh K Y and Bliokh Y P 2004 Phys. Lett. A 333 181; physics/0402110 
27. Onoda M, Murakami S and Nagaosa N 2004 Phys. Rev. Lett. 93 083901 
28. Onoda M, Murakami S and Nagaosa N 2006 Phys. Rev. E 74 066610 
29. Bérard A and Mohrbach H 2006 Phys. Lett. A 352 190; hep-th/0404165 
30. Gosselin P, Bérard A and Mohrbach H 2007 Phys. Rev. D 75 084035 
31. Bliokh K Y and Freilikher V D 2005 Phys. Rev. B 72 035108 
32. Duval C, Horváth Z and Horváthy P A 2006 Phys. Rev. D 74 021701(R) 
33. Duval C, Horváth Z and Horváthy P A 2007 J. Geom. Phys. 57 925 
34. Bliokh K Y, Frolov D Y and Kravtsov Y A 2007 Phys. Rev. A 75 053821 
35. Bliokh K Y, Niv A, Kleiner V, and Hasman E 2008 !ature Photonics 2 748 
36. Onoda M and Nagaosa N 2002 J. Phys. Soc. Japan 71 19-22 
37. Jungwirth T, Niu Q and MacDonald A H 2002 Phys. Rev. Lett. 88 207208 
38. Fang Z, Nagaosa N, Takahashi K S, et al. 2003 Science 302 92 
39. Murakami S, Nagaosa N and Zhang S-C 2003 Science 301 1348 
40. Sinova J, Culcer D, Niu Q, Sinitsyn N A, Jungwirth T, and MacDonald A H 2004 

Phys. Rev. Lett. 92 126603 



 23

41. Murakami S 2006 Adv. in Solid State Phys. 45 197 
42. Nagaosa N 2006 J. Phys. Soc. Japan 75 042001 
43. Sinitsyn N A 2008 J. Phys.: Condens. Matter 20 023201 
44. Berry M V 1988 in Ref. 1 
45. Zygelman B 1987 Phys. Lett. A 125 476 
46. Littlejohn R G and Flynn W G 1991 Phys. Rev. A 44 5239 
47. Aharonov Y and Stern A 1992 Phys. Rev. Lett. 69 3593 
48. Lettlejohn R G and Weigert S 1993 Phys. Rev. A 48 924 
49. Berry M V and Robbins J M 1993 Proc. R. Soc. Lond. A 442 641-658 
50. Thouless D J, Ao P and Niu Q 1996 Phys. Rev. Lett. 76 3758 
51. Kuratsuji H and Yabu H 1996 J. Phys. A: Math. Gen. 29 6505 
52. Sundaram G and Niu Q 1999 Phys. Rev. B 59 14915 
53. Müller J H, Morsch O, Ciampini D, Anderlini M, Mannella R, and Arimondo E 2000 

Phys. Rev. Lett. 85 4454 
54. Bliokh K Y 2005 Europhys. Lett. 72 7 
55. Bliokh K Y and Bliokh Y P 2005 Ann. Phys. (!.Y.) 319 13 
56. Horváthy P A 2006 SIGMA 2 090 
57. Gosselin P, Bérard A and Mohrbach H 2007 Eur. Phys. J. B 58 137 
58. Chang M-C and Niu Q 2008 J. Phys.: Condens. Matter 20 193202 
59. Кravtsov Y А and Оrlov Y I 1990 Geometrical Optics of Inhomogeneous Medium 

(Berlin: Springer-Verlag) 
60. Horváthy P 1979 J. Math. Phys. 20 49 
61. Klauder J R 1979 Phys. Rev. D 19 2349 
62. Kuratsuji H and Iida S 1986 Phys. Rev. Lett. 56 1003 
63. Kuratsuji H 1988 Phys. Rev. Lett. 61 1687 
64. Mashhoon B 1988 Phys. Rev. Lett. 61 2639 
65. Opat G I 1991 Am. J. Phys. 59 822 
66. Serebrennikov Y A 2006 Phys. Rev. B 73 195317 
67. Bliokh K Y, Gorodetski Y, Kleiner V, and Hasman E 2008 Phys. Rev. Lett. 101 

030404 
68. Garetz B A and Arnold S 1979 Opt. Commun. 31 1 
69. Garetz B A 1981 J. Opt. Soc. Am. 71 609 
70. Simon R, Kimble H J, and Sudarshan E C G 1988 Phys. Rev. Lett. 61 19 
71. Bretenaker F and Le Floch A 1990 Phys. Rev. Lett. 65 2316 
72. Allen L, Babiker M, and Power W L 1994 Opt. Commun. 112 141 
73. Neinhuis G 1996 Opt. Commun. 132 8 
74. Bialynicki-Birula I and Bialynicki-Birula Z 1997 Phys. Rev. Lett. 78 2539 
75. Courtial J, Dholakia K, Robertson D A, Allen L, and Padgett M J 1998 Phys. Rev. 

Lett. 80 3217 
76. Courtial J, Dholakia K, Robertson D A, Allen L, and Padgett M J 1998 Phys. Rev. 

Lett. 81 4828 
77. Basistiy I V, Bekshaev A Y, Vasnetsov M V, Slyusar V V, and Soskin M S 2002 

JETP Lett. 76 486 
78. Basistiy I V, Slyusar V V, Soskin M S, Vasnetsov M V, and Bekshaev A Y 2003 

Opt. Lett. 28 1185 
79. Bekshaev A and Popov A 2004 Proc. SPIE 5477 55 
80. Bekshaev A, Soskin M, and Vasnetsov M 2008 Paraxial Light Beams with Angular 

Momentum (Nova Science Publishers). 
81. Mathur H 1991 Phys. Rev. Lett. 67 3325 
82. Bolte J and Keppeler S 1999 Ann. Phys. (!.Y.) 274 125 
83. Spohn H 2000 Ann. Phys. (!.Y.) 282 420 
84. Kugler M and Shtrikman S 1988 Phys. Rev. D 37 934 



 24

85. Kugler M 1989 Am. J. Phys. 57 247 
86. Benn I M and Tucker R W 1989 Phys. Rev. D 39 1594 
87. Dandoloff R and Zakrzewski W J 1989 J. Phys. A 22 L461 
88. Dandoloff R 1989 Phys. Lett. A 139 19 
89. Balakrishnan R, Bishop A R, and Dandoloff R 1993 Phys. Rev. B 47 3108 
90. Takagi S and Tanzawa T 1992 Prog. Theor. Phys. 87 561 
91. Landau L D and Lifshitz E M 1975 The Classical Theory of Fields (Oxford: 

Pergamon) 
92. Culcer D, Yao Y, and Niu Q 2005 Phys. Rev. B 72 085110 
93. Shindou R and Imura K-I 2005 !uclear Phys. B 720 399 
94. Dirac P A M 1931 Proc R Soc A 133 60 (1931) 
95. Aharonov Y and Bohm D 1959 Phys Rev 115 485 
96. Peshkin M and Tonomura A 1989 The Aharonov-Bohm Effect (Berlin: Springer) 
97. Berry M V 1998 Proc. SPIE 3487 6 
98. Kuratsuji H and Kakigi S 1998 Phys. Rev. Lett. 80 1888 
99. Fedorov F I 1955 Dokl. Akad. !auk SSSR 105 465 
100. Imbert C 1972 Phys. Rev. D 5 787 
101. Schilling H 1965 Ann. Phys. (Berlin) 16 122 
102. Ricard J 1974 !ouv. Rev. Opt. 5 7 
103. Hugonin J P and Petit R 1977 J. Opt. 8 73 
104. Cowan J J and Aničin B 1977 J. Opt. Soc. Am. 67 1307 
105. Turner R G 1980 Aust. J. Phys. 33 319 
106. Punko N N and Filippov V V 1984 JETP Lett. 39 20 
107. Fedoseev V G 1985 Opt. Spectrosc. (USSR) 58 296 
108. Player M A 1987 J. Phys. A: Math. Gen. 20 3667 
109. Fedoseyev V G 1988 J. Phys. A: Math. Gen. 21 2045 
110. Dutriaux L, Le Floch A, and Bretenaker F 1993 Europhys. Lett. 24 345 
111. Baida F I, Labeke D V, and Vigoureux J-M 2000 J. Opt. Soc. Am. A 17 858 
112. Nasalski W 2001 Opt. Commun. 197 217 
113. Pillon F, Gilles H, and Girard S 2004 Appl. Opt. 43 1863 
114. Pillon F, Gilles H, Girard S, Laroche M, and Emile O 2005 Appl. Phys. B 80 355 
115. Bliokh K Y and Bliokh Y P 2006 Phys. Rev. Lett. 96 073903 
116. Bliokh K Y and Bliokh Y P 2007 Phys. Rev. E 75 066609 
117. Hosten O and Kwiat P 2008 Science 319 787 
118. Aiello A and Woerdman J P 2008 Opt. Lett. 33 1437 
119. Bliokh K Y 2006 Phys. Rev. Lett. 97 043901 
120. Dooghin A V, Kundikova N D, Liberman V S, and Zel’dovich B Y 1992 Phys. 

Rev. A 45 8204 
121. Volyar A V, Gnatovskii A V, Lapaeva S N, and Myagkov V I 1992 Ukrainskii 

Fizicheskii Zhurnal 37 1468 
122. Volyar A V, Zhilaitis V Z, Shvedov V G, Soskin M S, and Fadeyeva T A 1998 

Optika Atmosfery i Okeana 11 1199 
123. Kundikova N D and Chaptsova G V 1999 J. Opt. A: Pure Appl. Opt. 1 341 
124. Fedoseyev V G 2001 Opt. Commun. 193 9 
125. Dasgupta R and Gupta P K 2006 Opt. Commun. 257 91 
126. Okuda H and Sasada H 2007 J. Opt. Soc. Am. A 25 881 
127. Fedoseyev V G 2008 J. Phys. A: Math. Theor. 41 505202 
128. Bliokh K Y, Shadrivov I V, and Kivshar Y S 2008 Opt. Lett. 34 389 
129. Bekshaev A Y 2009 Oblique section of a paraxial light beam: criteria for 

azimuthal energy flow and orbital angular momentum J Opt. A: Pure Appl. Opt. 
[to appear in this special issue] 

130. Alexeyev C N and Yavorsky M A 2006 J. Opt. A: Pure Appl. Opt. 8 752 



 25

131. Segev M, Solomon R, and Yariv A 1992 Phys. Rev. Lett. 69 590 
132. Kataevskaya I V and Kundikova N D 1995 Quantum Electron. 25 927 
133. Galvez E J and Holmes C D 1999 J. Opt. Soc. Am. A 16 1981 
134. Alexeyev C N, Lapin B A, and Yavorsky M A 2007, J. Opt. Soc. Am. B 24 2666 
135. Bliokh K Y and Desyatnikov A S 2009, Phys. Rev. A 79 011807(R) 
136. Kravtsov Y A, Naida O N, and Fuki A A 1996 Phys. Usp. 39 129 
137. Segre S E 2000 J. Opt. Soc. Am. A 17 1682 
138. Kravtsov Y A, Bieg B, and Bliokh K Y 2007 J. Opt. Soc. Am. A 24 3388 
139. Bliokh K Y and Freilikher V D 2006 Phys. Rev. B 74 174302 
140. Ivanov A V, Shalygin A N, Vedyaev A V, and Ivanov V A 2007 JETP Lett. 85 

565 
141. Volyar A V, Zhilaitis V Z, and Shvedov V G 1999 Opt. Spektrosc. 86 593 
142. Alexeyev K N, Volyar A V, and Fadeeva T A 2002 Opt. Spektrosc. 93 588 
143. Alexeyev C N, Lapin B P, and Yavorsky M A 2008 J Opt. A: Pure Appl. Opt. 10 

085006 
144. Alexeyev C N and Yavorsky M A 2008 Phys Rev A 78 043828 
145. Baranova N B, Savchenko A Y, and Zel’dovich B Y 1994 JETP Lett. 59 232 
146. Zel’dovich B Y, Kundikova N D, and Rogacheva L F 1994 JETP Lett. 59 766 
147. Bomzon Z, Biener G, Kleiner V, and Hasman E 2002 Opt. Lett. 27 1141 
148. Marrucci L, Manzo C, and Paparo D 2006 Phys. Rev. Lett. 96 163905 
149. Bomzon Z and Gu M 2007 Opt. Lett. 32 3017 
150. Zhao Y, Edgar J S, Jeffries G D M, McGloin D, and Chiu D T 2007 Phys. Rev. 

Lett. 99 073901 
151. Vuong L T, Brok J M, Adam A J L, Planken P C M, and Urbach H P 2008 

Conference On Lasers And Electro-Optics & Quantum Electronics And Laser 
Science Conference, 1-9 3609-3610 [arXiv:0806.2470]. 

152. Nieminen T A, Stilgoe A B, Heckenberg N R, and Rubinsztein-Dunlop H 2008 J. 
Opt. A: Pure Appl. Opt. 10 115005 

153. Brasselet E, Izdebskaya Y, Shvedov V, Desyatnikov A, Krolikowsky W, and 
Kivshar Y, 2009 Opt. Lett. (to appear) 

154. Fadeyeva T A, Rubass A F, and Volyar A V 2009 (unpublished) 
155. Goldstein H, Poole C, and Safko J 2002 Classical Mechanics (San Francisco: 

Addison Wesley) 
156. Valiron G 1987 The Classical Differential Geometry of Curves and Surfaces 

(Math Science Press) 
157. Babich V M and Buldyrev V S 1990 Short-Wavelength Diffraction Theory: 

Asymptotic Methods (Berlin: Springer Verlag) 


