
During the past period 1.08.2009–31.07.2011 we carried out extensive investigations of the 

spin-orbit interaction (SOI) phenomena in optics and quantum mechanics. More precisely, the 

following themes were in the project for the past two years: 

• Spin and vortex transport under propagation of electromagnetic waves. 

• Relativistic dynamics of photons and electrons in external fields. 

• Vortex dynamics in 2-dimensional optical and condensed-matter systems. 

Our main achievement is the first self-consistent theoretical description and experimental 

implementation of the SOI dynamics in the generic non-paraxial optical and quantum fields. This 

problem involves and unifies a number of tasks of both fundamental and practical importance, such as 

(i) spin and orbital angular momenta (AM), (ii) spin-to-orbit AM conversions upon focusing and 

scattering, and (iii) spin and orbital Hall effects. The outcomes of our studies are 9 full-length papers 

(3 of them in Physical Review Letters), 2 book chapters, and 13 talks (with 8 of them − invited) given 

at international workshops and conferences. The main problems solved within the project are as 

follows. 

Optical nanoprobing via spin-orbit interaction of light. Developing practical applications of the 

spin-orbit interactions, we realized highly-sensitive optical nano-probing scheme. The basic idea of 

our method is a combination of the high-NA optical microscope with the spatially-resolved 

polarimeter (Fig. 1). It turned out that the strong SOI in the tightly-focused light interacting with a 

nano-particle translates the subwavelength information about the specimen to the inhomogeneous 

polarization distribution in the outgoing paraxial far-field. In this manner, tiny subwavelength shift of 

the particle produces huge macroscopic spin-Hall effect in the polarization of the outgoing light 

(Fig. 1). 
 

  

 
Fig. 1. (left) The ‘‘lens-scatterer-lens’’ system of the far-field imaging of a nanoparticle, which 

involves the SOI of polarized light. (right) Giant spin-Hall effect of light caused by 

subwavelength displacements of the nanoparticle. Experimentally measured and theoretically 

calculated, spatial distributions of the spin angular momentum density are shown for the case of 

linearly x-polarized incident light. Left-hand, middle, and right-hand panels correspond to the 

positions of the particle xs=0, −λ/3, and λ/3, respectively. 

 



Angular momenta and spin-orbit interaction of photons in free space. Separation of the spin and 

orbital AM of photons is a longstanding fundamental problem in theoretical physics. In nonparaxial 

fields the very topical notions of the ‘spin’ and ‘vortex’ become somewhat unclear and controversial. 

In our theoretical study within this project we resolved this fundamental controversy and created the 

first self-consistent description of the AM, SOI, conversions, and Hall effects of a generic nonparaxial 

light. Importantly, our theory can be applied both to quantum optics in operator form and to purely 

classical optical systems. It explains all the existing experimental observations of the spin-to-orbit 

AM conversions and Hall effects in nonparaxial fields, and predicts some novel phenomena (such as 

orbital Hall effect), which hopefully will be confirmed soon (Fig. 2). According to our understanding 

of the nature of the nonparaxial polarized light, the spin and orbital degrees of freedom are 

intrinsically coupled there because of the complex interference of partial plane waves, which involves 

spin-dependent Berry-phase producing orbital perturbations in the resulting field.  
 

    
Fig. 2. Intensity distributions of the free-space, nonparaxial, vector Bessel beams marked by the 

‘vortex’ and ‘spin’ quantum numbers (ℓ,σ). (left) Symmetric beams with geometrical-optics 

caustics depicted by dashed circles. The σ-dependent radius indicates the value of orbital AM and 

signals spin-to-orbit AM conversion. (right) Asymmetric Bessel beams (with the blocked half of 

their angular spectra, kx > 0). Dashed lines indicate the ℓ- and σ-dependent transverse shifts of the 

center of gravity, i.e., orbital and spin Hall effects of light in free space. 

 

Relativistic vortex electron beams. In 2007 we predicted theoretically existence of 

nonrelativistic scalar electron beams with vortices. Such electron analogues of free-space optical 

vortex beams carry intrinsic orbital angular momentum (leading to an additional magnetic moment) 

and exhibit nontrivial topological interactions with an external electromagnetic field. Remarkably, our 

theoretical proposition has been confirmed experimentally in three papers published in Nature and 

Science magazines. During the project period we developed an extension of the scalar electron vortex 

beams to the relativistic Dirac electrons with spin. There the spin-orbit interaction effects have to go 

on the stage, and our successful theory of the spin and orbital AM of photons gave us a perfect 

background for creating an analogous theory for relativistic electrons. We predicted observable 

manifestations of the SOI of electrons in free space, without any external fields (Fig. 3). 



 
Fig. 3. Probability density (left) and current (right) distributions for the Dirac electron vortex 

beams with different spins and vortex charges. Splitting of “+” and “-” distributions signals SOI 

of electrons in free space. 

 

 


